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ABSTRACT 
 
 This study explored thermochemical and biochemical conversion processes for 
converting biomass to transportation fuels, and developed a pyrolysis-biochar-bioenergy 
platform to produce carbon negative energy. Multiple methodologies including process 
modeling, techno-economic analysis, life cycle analysis, sensitivity and uncertainty analysis 
were used to comprehensively evaluate the commercialization feasibility of fast pyrolysis 
technology.  
 This dissertation comprises four distinct topics organized by chapters based on 
journal manuscripts: 1) I proposed a fast pyrolysis and bio-oil stabilization pathway and 
compared the economic and environmental performance of producing only biofuel and 
producing both biofuel and mixed alcohols with different integrated levels; 2) I examined the 
impacts of different biomass properties on the pyrolysis-biochar-bioenergy platform from 
both an economic and environmental perspectives. 3) I compared the economic performance 
and uncertainties of combining solvent liquefaction and fermentation to produce ethanol 
using four different solvents. 4) A location-sensitive TEA and LCA model has been 
developed to include the influence of spatial deployment of fast pyrolysis technology. This 
study also provided extensive discussion about the pyrolysis-biochar-bioenergy platform’s 
potential to produce carbon negative energy. The analyses in this dissertation will help 
further our understanding of thermochemical and biochemical biomass conversion processes 
and their potential for enabling low-cost, clean, and sustainable bioenergy.  
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW 
 
In order to reduce the country’s dependence on foreign energy, enhance energy security, 
utilize excess agricultural resources, and mitigate environmental concerns,1 various types of 
renewable energy have been investigated and developed for decades. Biorenewable resources, 
which are organic materials of recent biological origin,1  can be converted into heat and power, 
transportation fuels, chemicals and fibers through biochemical and thermochemical conversion 
technologies. Compared to biochemical conversion technology, thermochemical conversion 
could decompose organic components into more diverse final products, in a much shorter period 
of time, and within less strict environments (sterilization for biochemical conversion), and with 
inexpensive catalysts.1,2 There are four common thermochemical conversion technologies: direct 
combustion, gasification, pyrolysis and solvolysis. Direct combustion is the primary approach for 
heat and power generation from biomass. Biomass gasification yields a synthetic natural gas and 
chemical synthesis feedstock. Pyrolysis has been applied for thousands of years for charcoal 
production. Solvolysis uses solvents to promote decomposition and separation of biomass 
compounds. This review focuses on fast pyrolysis, which has drawn increased attention and 
support around the United States due to its ability to rapidly convert biomass in mild operating 
environment to produce liquid yields of up to 75 wt.%.3–5  
This paper reviews the fast pyrolysis literature based on their technical, economic and 
environmental aspects. It includes eight sections: Supply Chain; Pyrolysis Technology; Pyrolysis 
Reactors; Solid Biochar; Bio-oil Upgrading; Biofuel Generations; Techno-economic Analysis; 
Life Cycle Analysis. Table 1 relates literature references to different topics mentioned in this 
review paper. 
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Table 1. Literature references categorized by topics 
Topics Reference Number 
General Introduction  [1]-[5] 
Supply Chain [6]-[22] 
Pyrolysis technology [23]-[31] 
Pyrolysis Reactors [32]-[39] 
Solid Biochar [40]-[47] 
Bio-oil Upgrading  [48]-[55] 
Biofuel Generations [56]-[64] 
Techno-economic Analysis (TEA) [65]-[79] 
Life cycle analysis (LCA) [79]-[91] 
 
Supply Chain 
The biofuel supply chain for biofuel applications mainly consists of biomass production, 
biomass logistics, biofuel production, biofuel distribution and biofuel end-use.6 Biomass supply 
chains have been investigated by many researchers since sustainable high quality biomass supply 
is one of the key steps for bioenergy production. There are some challenges with the biomass 
supply chain due to characteristics of biomass such as its seasonality, low bulk density, wide 
geographical distribution, and storage degradation charateristics.6–16  
Biomass production is subject to agricultural growth and harvest periods which vary 
depending on climate conditions and farm management practices.17–19 Some biomass can be 
harvested throughout the year, but most feedstocks considered for biofuel production in the U.S. 
are harvested once or twice a year. For example, corn is often planted in March or April and 
harvested in August to October, and corn stover can be harvested simultaneously or after the 
corn harvest. The corn and stover harvest season could vary on the farm locations.20 The corn 
harvest season is typically 150-180 days in the south and 120-130 days in the north.21 
Once harvested, biomass properties can degrade over time under common storage 
conditions. Therefore, effective storage and pretreatment methods are required before 
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transporting biomass to the bio-refinery.  Rentizelas et al. indicated that cheaper storage 
solutions and a multi-agricultural biomass approach could significantly reduce the costs of the 
biomass supply chain.13 Densification is another widely-used step to increase biomass density, 
lower the transportation costs and improve storage condition. Pretreatment processes such as 
chopping/grinding, drying, steaming and torrefaction could lower the energy use for 
densification and increase the quality of densified products.22  
As for end use of biofuels, efficient transportation methods are required since some 
biofuels are not compatible with the existing petroleum transportation pipeline due to chemical 
characteristics such as corrosivity and solubility.16 These different characteristics of biofuels 
might cause pipe or tank failure and contaminate the fuel. Therefore, investment is required for 
new pipe, rail and highway transportation infrastructure to distribute the fuel.  
Pyrolysis Technology 
There are four pyrolysis types that have been investigated broadly: fast pyrolysis, slow 
pyrolysis, catalytic pyrolysis and autothermal pyrolysis. Different pyrolysis conditions aim to 
maximize different product yields.  
Fast pyrolysis is a rapid process requiring vapor and solid residence times in the order of 
2 seconds. There are three main pyrolysis products with different energy levels and usages: gases 
(non-condensable gases), liquid (bio-oil), and solid (biochar). Non-condensable gases (NCG) 
produced from fast pyrolysis have a relatively low energy content, which is commonly recovered 
with combustion in furnaces. The pyrolysis secondary product is biochar with around 25-35 
wt.% yield.23 Biochar can be valued as a soil amendment since it has potential to improve soil 
quality and increase plant production.24 The primary product is the liquid bio-oil with maximum 
yields of up to 75 wt.% under pyrolysis temperatures of about 500°C. Bio-oil is a viscous, dark-
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brown fluid, consisting of an unstable mixture of various complex organic compounds. Research 
about bio-oil stabilization and upgrading processes has been widely developed and investigated.1 
Fast pyrolysis is known for its high heating rate of 10-200 °C/s relative to slow pyrolysis, which 
has a heating rate of 0.1-1°C/s.25 Slow pyrolysis aims to increase biochar yields to above 40 wt. 
%, and it accomplishes this with a slow heating rate and residence times of minutes to hours. 
Catalytic pyrolysis is a combination of fast pyrolysis and catalytic upgrading. Biomass could be 
decomposed and its products upgraded within the same reactor with catalysts, or the pyrolysis 
vapors could be catalytically upgraded to less reactive compounds subsequently.26–28 These are 
known as in-situ and ex-situ catalytic pyrolysis. Autothermal Pyrolysis is a relatively new 
pyrolysis technology. The autothermal concept involves inserting a small quantity of oxygen into 
the pyrolysis reactor and partially oxidizing biomass to provide heat for the biomass 
decomposition reaction. Autothermal pyrolysis could reduce operating cost and increase 
commercialization feasibility since it obviates the need for an external heat supply.29–31 Figure 1 
reveals carbon flows of biomass pyrolysis based on the various product applications discussed 
previously. 
 
Figure 1. Carbon flows associated with biomass pyrolysis23 
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Pyrolysis Reactors 
Researchers have investigated and developed various types of pyrolysis reactors since the 
reactor plays a key role in maximizing yields and reducing capital costs. Four main types of 
pyrolysis reactors are summarized below:32,33  
Ablative Pyrolysis Reactor: the ablative pyrolysis reactor presses feedstock material 
against a heated reactor wall via mechanical pressure, melting biomass and producing pyrolysis 
vapors.33 It does not require inert gas, which makes it smaller and less expensive than 
alternatives. Moreover, it does not need to grind biomass into fined particle to achieve a high 
heating rate. One of the disadvantages of the ablative pyrolysis reactor is that the configuration 
might be slightly complex since they use mechanical pressure to press biomass. Another 
disadvantage is that the economies of scale of other systems does not favor ablative reactors 
since the reactor configuration is tightly limited and controlled by reactor surface-area. A 50 
tonne/day demonstration ablative pyrolysis plant is currently being developed in Germany.33–35 
Bubbling Fluidized Bed Reactor: the bubbling fluidized bed is simple in construction and 
operation even at large scale. Good reactor temperature control and efficient heat transfer to 
biomass particles lead to high liquid yield. However, fine particle sizes are required for achieving 
high heating rates. Char needs to be removed rapidly and efficiently since it acts like a vapor 
cracking catalyst at fast pyrolysis temperatures.33,36 
Circulating Fluidized Bed Reactor: Compared to the bubbling fluidized bed reactor, char 
is more attrited under a higher gas velocity, resulting in higher char content in the collected bio-
oil. The circulating fluidized bed reactor works well especially for high throughputs in the 
petroleum industry. Ensyn has a 100 tonne/day plant operated in Canada.33,37,38  
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Entrained Flow Reactor: the entrained flow reactor is simple and inexpensive. However, 
poor heat transfer between hot gas and solid particles requires high gas velocity and turbulence 
to accomplish efficient heat transfer. Subsequently, large plant sizes and high gas flow rates 
increases the difficulty to collect liquid under a low vapor partial pressure.33,39 
Solid Biochar 
Biochar is a carbon-rich product with similar chemical composition to charcoal, but it has 
greater potential for soil management and carbon sequestration applications.40 Biochar is 
produced from the thermal decomposition of organic biomass within a relatively low temperature 
(<700°C) and low oxygen input.41 It has the potential to serve as soil amendment, manage 
wastes, produce energy and mitigate climate change.41 Applying biochar to soil is one of the key 
potential applications for biochar. It is estimated that sequestering biochar soil could increase 
bioavailable water and soil organic content, enhance nutrient cycling, lower soil bulk density, 
and reduce leaching of chemicals/nutrients to surface and ground water. What’s more, 
sequestering biochar in soil could reduce CO2 emissions.
42 
Ahmad et al. (2014) indicated that biochar properties and production rates are mainly 
related to feedstock type, pyrolysis temperature, and heating rate.43 High ash content, lignin 
content, and various inherent metals in biomass could increase biochar yield.44,45 Biochar 
production reaches a steady state at pyrolysis temperature around 400°C.46 Generally, biochar 
surface area increases with pyrolysis temperature due to the destruction of alkyl/ester groups and 
exposure of aromatic lignin core.47 Increasing heating rate might lead to a small reduction of 
biochar yield.43 
 There are a couple of challenges before biochar can be widely adopted as addressed by 
Laird et al., such as economics and handling methods.42 The study suggests that incentives need 
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to be paid to farmers to encourage biochar sequestration, and more studies need to be conducted 
to further prove the positive impacts of applying biochar into soil with proper handling and 
management. 
Bio-oil Upgrading  
Pyrolysis liquid, also known as bio-oil, is collected from the condensation of the 
pyrolysis gas stream. It consists of condensable vapors, aerosols and water.1 Bio-oil could be 
upgraded into transportation fuels, chemicals, electricity and heat with physical, chemical, and 
catalytic upgrading processes.48 There are several undesirable properties of bio-oil, such as high 
water content, high viscosity, high oxygen content and high corrosiveness,49 which make it less 
competitive and applicable. Several studies have been investigated for bio-oil upgrading to 
biofuels, mainly considering hydrotreating, hydrocracking, and fluid catalytic cracking (FCC).50  
Figure 2 provides a list of reaction examples within bio-oil upgrading, including cracking, 
decarbonylation, decarboxylation, hydrocracking, hydrodeoxygenation and hydrogenation.51 
 
Figure 2. Reaction examples associated with bio-oil upgrading51 
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Traditional petroleum hydrotreating is used to extract metal, sulfur, nitrogen and oxygen 
from final products.50 In addition, hydrotreating involves hydrogen to saturate unsaturated 
carbon bonds, for example, saturating olefins or converting aromatics to naphthenes.49 The 
traditional one-stage hydrotreating does not work well for bio-oil since it produces heavy, tar-
like products.50 Therefore, a two stage hydrotreating process has been developed.52   
 Hydrocracking converts residue oil into smaller fractions with lower boiling point while 
hydrotreating does not generally change the boiling point of the compositions.53 Hydrocracking 
consists of hydrogenation and cracking reactions, and it can convert heavy molecules into light 
products. More severe operating conditions are required for hydrocracking of acids, such as 
higher temperature and hydrogen pressure.54 There are both one-stage and two-stage 
hydrocrackers. Instead of cracking in the same reactor, with a two-stage hydrocracker, 
hydrodesulphurization and hydrodenitrogenation take place first and then further crack into 
diesel or jet fuel in the second hydrocracker.50 Coke deposits both in hydrotreating and 
hydrocracking could be reduced with a high H2 pressure.
54 
Fluid Catalytic Cracking (FCC) aims to increase gasoline yield from light and heavy gas 
oil, naphtha and residual oil. It produces products with high anti-knock properties, reduces 
olefinic hydrocarbons, forms C3 and C4 hydrocarbons that can be used in liquid petroleum gas 
(LPG).53 Coke deposits is the main challenge for FCC because it could deactivate the catalysts. 
Metals in the feedstock will also poison the catalysts, resulting in a need for catalyst regeneration 
on a daily basis. Therefore, pretreatments such as deasphalting to remove the metals in feedstock 
are required before sending to the FCC process.28,53,55 
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Biofuel Generations 
There are four generations of biofuel that have been developed and studied. The first 
generation biofuel is mainly produced from food crops such as grains, sugar beets and oil seeds 
etc.56 Bio-ethanol, biodiesel and biogas are most commonly 1st generation biofuel. Several 
commercialized facility for first generation biofuel production have been built and operated 
around the world, however, there is a big debate about first generation biofuel called “fuel vs 
food”. There is a debating that the source competition of 1st generation biofuel increases the 
global food price since 1st generation biofuel sources are mostly food crop based feedstock.56–58 
Thus, second generation biofuel that are primarily produced from non-food crops (lignocellulosic 
biomass) were developed. Second generation biofuel overcomes the “fuel vs food” limitation; 
they can be produced from wider geographical, and from less controversial and more diverse 
types of biomass. The main barrier for 2nd generation biofuel is expensive production cost. There 
are several suggestions to lower down the production cost, such as producing valuable co-
products, increasing feedstock production and fuel yields etc.59–62 Carriquiry et al. (2011) 
suggested that relevant policies should be updated to accelerate the transition from 1st to 2nd 
generation biofuel, such as differentiate fiscal incentives and consumption mandates.59 Third and 
fourth generation biofuel are relatively immature compared to 1st and 2nd generation biofuel. 
Third generation biofuel comes from non-arable land-based biomass, such as algae, which 
requires low input but produces high yield. Fourth generation biofuel is based on crops that 
absorbs more CO2 than CO2 released by biofuel combustion.62–64   
Techno-economic Analysis (TEA) 
Techno-economic analysis is a well-established methodology to estimate the economic 
costs for evaluating the availability and the profitability of developing a new technology. Capital 
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and operating cost are two important terms to evaluate the economic performance of a process. 
Capital investment is the cost for constructing all aspects of the facility, and it consists of fixed 
capital cost and working capital. There are two types of fixed capital including manufacturing 
and non-manufacturing fixed capital. Manufacturing fixed capital is the capital required for all 
process equipment installation, which mainly contains site preparation, piping, instruments, 
insulation, foundations and auxiliary facilities etc.65 Non-manufacturing fixed capital includes 
construction overhead cost and cost for plant components that are not directly involved with the 
process operation, such as land, building, transportation, utility and waste disposal facilities.65 
Construction overhead cost consists of field office and supervision fees, engineering expenses, 
miscellaneous construction costs, contractor’s fee and contingencies.65 Operating cost represents 
cost to maintain the facility in operation, including expenses for direct labor, raw materials, 
power, and heat and so on.65 The minimum product selling price (MPSP) is calculated as the 
minimum selling price for a product at the break-even point of revenue and cost. It is an indicator 
of the competitiveness potential between the new product and the product already existing in the 
market.  
Economic analysis results vary with different TEA assumptions. Table 2 lists general 
financial assumptions. Nth plant designs are also commonly assumed in recent TEA studies, and 
they do not need to consider additional costs incurred by first generation plants, such as special 
financing, equipment redundancies, large contingencies and longer startup times.66 However, the 
TEA results will be very different between the pioneer plant and the nth plant. Pioneer plant 
represents the first-of-a-kind plant for an advanced technology or process, while nth plant means 
that several plants have already been maturely constructed and commercially operated. Pioneer 
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plant is far more expensive than nth plant due to high uncertainty and complexity of building a 
new plant. 
Table 2. General financial assumptions67 
Financial assumptions    
Feedstock Red Oak 
Feedstock cost  $83/MT 
Plant capacity 2000 MTPD 
Equity 40% 
Contingency  37% 
IRR 10% 
Type of depreciation MACRS 
Depreciation period, years  7 
Construction period, years  2.5 
Start-up time, years  0.5 
Plant life, years 30 
Corporate income tax rate 39% 
 Analysis cost year 2011 
As reported by RAND Corporation, cost growth and performance shortfall are two main 
reasons for inaccurate cost and performance estimation of chemical pioneer plants. Cost growth 
is the difference between the actual capital cost and the estimated capital cost. Performance 
shortfall represents the failure to reach the expected plant production.68  
Several pioneer analyses have been studied for biofuel production technology to account 
for the technology immaturity impacts on economics. The results show that the capital costs for 
pioneer plant are much higher than the nth plant. Pioneer costs could even be double that of a 
mature plant.69–71 Wright et al. (2010) has conducted a pioneer analysis specifically for fast 
pyrolysis to transportation fuels process. The capital cost for the pioneer plant is calculated as the 
cost growth divided by the capital cost for the nth plant, while the fuel yield for the pioneer plant 
is multiplied by the percentage of plant performance with the fuel yield for the nth plant. The 
contingency assumption is raised from 20% to 30% for the pioneer plant to account for the 
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higher uncertainties in equipment. The minimum fuel selling price is calculated as high as $6.55 
per gallon compared to $3.09 per gallon for nth plant.69 
Bridgwater has done a TEA of biomass pyrolysis early in 1996. He concluded that 
integrated fuel and chemical production from biomass pyrolysis has the highest economical 
potential. He also pointed out that all pyrolysis products cannot compete with petroleum products 
at that time due to current state of technology and shortage of fiscal incentives.72 
More TEA studies have been conducted recently about fast pyrolysis technology. The 
economic performance varies due to different economic assumptions, different final products and 
different modeling details. Valuable suggestions and conclusions have been made based on those 
TEA studies, aiming to make fast pyrolysis technology and pyrolysis products become 
commercialized and more competitive.  
 Wright et al. (2010) simulated and estimated the economic costs for two fast pyrolysis 
scenarios to convert 2000 metric ton/day of corn stover to transportation fuels with different 
hydrogen sources. With hydrogen reformed from portion of bio-oil within the system rather than 
purchased from a remote source, capital costs increase from 200 to 287 million dollars and the 
minimum fuel selling price increased from $2.11/gal to $3.09/gal for nth plant. The higher capital 
cost for the hydrogen production scenario is due to high equipment cost for the reforming 
process. Higher capital cost and lower fuel yield lead to the higher minimum fuel selling price.73 
 Brown et al. (2013) has conducted an updated techno-economic analysis of corn stover 
to transportation fuels and electricity via fast pyrolysis and hydroprocessing. Char and non-
condensable gases are burned in a large boiler for electricity production. With recent pathway 
commercialization and literature, the MFSP of gasoline and diesel fuel was estimated to be 
$2.57/gal. The increased capital cost for large scale boiler, turbogenerator, more expensive 
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hydroprocessing units and lower fuel output are the main causes for the higher MFSP compared 
to Wright 2010 study. The result implies fast pyrolysis pathway could be competitive with 
petroleum, although not competitive as the 2010 ISU study.74  
Pacific Northwest National Laboratory (PNNL) has designed and assessed a conversion 
pathway of lignocellulosic biomass to hydrocarbon fuels via fast pyrolysis and subsequent 
hydroprocessing of pyrolysis oil in 2013. Natural gas is purchased to produce hydrogen for 
hydroprocessing systems, while electricity is bought from the grid. The minimum fuel (gasoline 
and diesel blend stock) selling price is estimated as $3.39/gasoline gallon equivalent (GGE) in 
2011 dollars.66 They also concluded that plant scale, capital investment, IRR, feedstock cost and 
product yields have the most significant impacts on MFSP.66 
Brown et al. has conducted a TEA work about regional differences of fast pyrolysis and 
hydroprocessing in 2013 as well. He has estimated 20-year IRR and NPV of 2000 MT/d fast 
pyrolysis and hydroprocessing facilities over 30 states in the U.S. The IRR and NPV results 
range from the lowest 7.4% and $79.5 million in Illinois to the highest of 17.2% and $165.5 
million in Georgia. Feedstock cost, bio-oil yield, location capital factor and transportation fuel 
price have the most significant impacts on the IRR and NPV results. The authors suggest that 
some specific state area will be the focus location for fast pyrolysis pathway commercialization 
since fast pyrolysis is strongly economically sensitive to the facility location.75 
Bridgewater et al. (2012) has evaluated and compared the economic costs of electricity 
generation via fast pyrolysis, combustion, atmospheric gasification and pressurized gasification.  
Electricity generated via fast pyrolysis and diesel engine is estimated to be sold at 0.091 €/kWh 
(0.1 $/kWh) at 20 MWe rising to 0.199 €/kWh (0.22 $/kWh) at 1 MWe. De-coupling system is 
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suggested to improve the competitiveness of the electricity generated via renewable biomass 
since it could reduce power consumption and capital cost with a smaller pyrolysis plant.76  
Anex et al. (2010) has compared the economic costs of six near-term biomass to liquid 
fuels pathways, which could be identified as pyrolysis, gasification and biochemical three types. 
Similar assumptions such feedstock type and plant capacity are employed to provide equal result 
comparison. The minimum fuel selling price ranges from $2-5.5 per gallon gasoline equivalent 
for nth stand-alone plant assumption. The pioneer plant analysis results show that the minimum 
fuel selling price range from $2-$12 per gallon gasoline equivalent. Pyrolysis scenario with 
purchased hydrogen is estimated to have the lowest minimum fuel selling price and the lowest 
capital cost while biochemical has the highest minimum fuel selling price and high temperature 
gasification has the highest capital cost.77 
Hu et al. (2015) compared the economic feasibility among transportation fuel, 
biochemical and hydrocarbon chemicals production from fast pyrolysis, with assumption of 30-
year plant life and 10% IRR. Biochar are combusted to provide heat for pyrolysis reactor in all 
three different products scenarios. The minimum product selling price and mean maximum 
investment cost are calculated as {$3.09/gallon, $162 MM}, {$433.7/MT, $610 MM} and 
{$773.5/MT, $366.24 MM} for transportation fuel, biochemical and hydrocarbon chemicals case 
respectively. The uncertainty analysis calculates that there are 18%, 100% and 100% possibility 
to achieve positive net present value for biofuel, biochemical and hydrocarbon chemical 
scenarios respectively. Therefore, the authors suggests that producing biochemical and 
hydrocarbons will be more profitable than producing transportation fuels alone.78 
Brown et al. (2011) has conducted a TEA work of comparing the profitability of biochar 
production from slow and fast pyrolysis. This study estimated capital costs for slow pyrolysis 
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and fast pyrolysis as $132MM and $200MM, respectively. The results show slow pyrolysis is not 
profitable, while fast pyrolysis could achieve 15% IRR with the feedstock cost of $83/ton. The 
authors conclude that produce biochar and transportation fuels together might be more 
economically attractive.79 
Life Cycle Analysis (LCA) 
Life cycle analysis (LCA) evaluates the emissions of a product “from cradle to grave” 
over its life-long time. LCA mainly consists of four steps including goal and scope definition, 
life cycle inventory analysis (LCI), life cycle assessment (LCIA) and life cycle improvement 
assessment, as shown in Figure 3.80 Goal and scope definition defines two key parameters 
including product system boundary and the functional units. System boundary clarifies the 
system inputs and outputs while functional units provide an equal comparable platform.  LCI 
evaluates the consumption quantity of various resources per functional unit for specific 
processes. After collecting resources consumption data, LCIA calculated the emissions/wastes 
both for each individual process step and in an accumulative way, to assess the environmental 
impacts such as climate change, land use etc. Life cycle interpretation is an optional way to 
decide the priority among different environmental impacts. The analysis and results of life cycle 
interpretation could be applied to strategic planning, public policy making, product development 
and improvement, and marketing etc.80–82   
Methods of evaluating the co-products emissions have significant impacts on the LCA 
results. International Standard Organization’s ISO 14040 (1997) announced using displacement 
methods to account for co-products emission credits.80,83–85 However, it is hard to find a similar 
displacement product sometimes, and the LCA result might not be accurate if the co-product 
yield takes a large percentage of the total products. Thus, Wang et al. (2011) suggests when co-
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product yield is as large as main product, allocation methods based on coproducts’ mass, energy 
and market value could be chosen based on specific condition.86 
 
Figure 3. Procedures of Life Cycle Analysis80 
 There are several LCA studies conducted for fast pyrolysis technology. Hsu et al. (2011) 
conducted LCA of gasoline and diesel from fast pyrolysis and subsequent hydroprocessing of 
forest residues. The results show that GHG emissions for pyrolysis fuels are 53% lower than 
petroleum gasoline fuel. Uncertainty analysis results show that all scenarios are better than 
conventional gasoline in 2005.87 
 Han et al. (2013) conducted a LCA work to evaluate the GHG emissions of fuel 
production from fast pyrolysis. Overall, fast pyrolysis gasoline reduces GHG emissions more 
than 60% compared to petroleum fuels. If reforming pyrolysis oil to produce H2, GHG emission 
reduction can increase to 112%. However, the increased GHG emission reduction comes with 
some economic penalties since part of the bio-oil are used to generate H2. The sensitivity 
analysis also points out that parameters, mainly include sources to produce H2, biochar properties 
parameters impacts and engineering model have significant impact to LCA results of fast 
pyrolysis gasoline.88 The results are consistent with Han’s study in 2011, where he also 
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addressed out that feedstock type and bio-oil upgrading might vary the LCA results and cause 
some issues.89 
 There are some studies that investigated the trade-offs between the LCA and TEA results. 
Pourhashem et al. (2013) has evaluated the LCA and TEA of generating electricity from fast 
pyrolysis products of corn stover. The GHG emissions for electricity generation from both bio-
oil and biochar is estimated to a range of 20-475 g CO2e/kWh. If sequestrate biochar rather than 
combust them for electricity, the GHG emissions decreases to -11 to 219 g CO2e/kWh.  The 
results show that electricity generation emissions are very low compared to average carbon 
intensity of coal (1241 g CO2e/kWh). Cost of bio-oil used for electricity production was 
estimated as $0.72/gallon, it is competitive comparing to the fuel oil used for electricity markets, 
which is $93/MWh. The authors conclude that local pyrolysis facility could be constructed as a 
low cost and low GHG emissions pathway for electricity genenration.90 
Dang et al. evaluated the economic and environmental impacts of bio-oil co-firing for 
electricity production pathway. The study proposed to co-fire a range fraction of bio-oil heavy 
ends from fast pyrolysis of corn stover with bituminous coal to produce low-carbon electricity, 
and biochar is sequestrated in agriculture land to reduce carbon emissions. The minimum 
electricity selling price increases from 8.8 to 14.9 cents/kWh while increasing the co-fired bio-oil 
heavy end from 30% to 60% (with 20 years 10% IRR). The electricity generation emissions 
range from 1.02 to 0.26 kg CO2e/kWh if mixing with 10% to 60% of bio-oil heavy end fractions. 
Based on the LCA results, they found out that electricity generated from co-firing 34.8% to 
37.3% bio-oil heavy ends could meet the Clean Power Plan’s emission regulations for coal-fired 
power plant. The authors also suggest a minimum carbon price of $67.4±13 per metric ton of 
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CO2-eq for co-firing coal with 35% of bio-oil heavy ends to make the low-carbon electricity 
economically competitive with current industrial electricity.91  
Literature Review Conclusion 
This paper reviews published literature studies of thermochemical conversion of biomass, 
focusing on the fast pyrolysis process with an emphasis in technical, economic and environment 
aspects. Fast pyrolysis and subsequent upgrading processes have been investigated for decades 
and have to be continued with the goal of improving the yield and the quality of the final 
products. Although the economic performance varies with different analytical assumptions and 
modeling details, quantitative methods to trade the environmental benefits to economic benefits 
could make the final pyrolysis product more financially competitive and environmentally 
sustainable.  
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CHAPTER 2 TECHNO-ECONOMIC AND LIFE CYCLE ANALYSIS OF THE 
STABILIZATION OF BIO-OIL FRACTIONS FOR INSERTION INTO PETROLEUM 
REFINERIES 
(Modified from a paper published in ACS Sustainable Chemistry & Engineering 
Wenqin Li, Qi Dang, Ryan Smith, Robert C. Brown, Mark Mba Wright) 
 
Abstract 
This study investigates the costs and greenhouse gas (GHG) emissions of a commercial-
scale, 2000 dry MT/day, red oak biorefinery designed to stabilize and upgrade pyrolysis oil into 
drop-in fuels. Stabilization improves the compatibility of bio-oil with crude refinery intermediate 
streams and equipment, but the costs of this process are not known. A Discounted Cash Flow 
Rate of Return (DCFROR) analysis is conducted to evaluate the economic feasibility of the bio-
oil stabilization biorefinery based on a 30-year plant life and 10% internal rate of return. Four 
economic scenarios representing different biorefinery configurations and by-products are 
analyzed. The installed equipment cost for the stand-alone hydrocarbons (SH) is estimated as 
$277 million, and the minimum fuel selling price (MFSP) for the SH scenario is evaluated as 
$2.85 per gallon. With mixed alcohols as a by-product, the MFSP can be lowered to $2.77 per 
gallon, or $2.33 per gallon by co-locating with a refinery. Sensitivity analysis of the system 
indicates that feedstock cost has the most significant impact on the MFSP followed by fixed 
capital cost, catalyst life and product yield. Life cycle analysis indicates that the GHG emission 
reduction potential of a bio-oil stabilization biorefinery is up to 66% compared to petroleum-
derived gasoline. 
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Introduction 
The sustainable development of renewable energy is drawing support across the United 
States in order to reduce dependence on foreign oil, enhance energy security, utilize excess 
agricultural resources, and mitigate environmental concerns.1 Compared to other types of 
renewable energy, biorenewable energy plays a key role in a diverse energy mix because it is the 
only renewable carbon source, and it can be converted to liquid drop-in fuels. Fast pyrolysis is of 
growing interest as a thermochemical pathway to convert raw biomass feedstock into liquid bio-
oil. Research on both fast pyrolysis process development and mechanistic modeling are being 
extensively investigated.2,3 Fast pyrolysis converts biomass into bio-oil, biochar and non-
condensable gases (NCG). The distribution of these products is determined by the specific 
reaction conditions such as temperature and heating rate, and characteristics of the biomass 
feedstock.4 Bio-oil is the primary product for energy applications because of its potential to 
replace crude oil in petroleum refineries. However, bio-oil from fast pyrolysis is reactive, 
unstable, corrosive and highly oxygenated; it degrades over time, and it is difficult to store and 
transport.5 Raw bio-oil requires upgrading via catalytic or electrocatalytic hydroprocessing6–8 to 
reduce its oxygen content, remove excess water, and lower its viscosity to meet standards like 
ASTM D7544. There are three petroleum refinery hydroprocessing upgrading units generally: 
hydrotreating, hydrocracking and fluid catalytic hydrocracking. Hydrotreating saturates carbon-
carbon bonds and removes oxygen, sulfur, and nitrogen in the bio-oil.9 Hydrocracking takes 
place in a hydrogen-rich environment and employs catalysts to convert high-boiling point 
molecules into lower-boiling point molecules such as gasoline and diesel.10 Fluid catalytic 
cracking (FCC) cracks the heavy compounds and produces gasoline and diesel products.11 
Various categories of catalysts have been investigated for hydroprocessing of bio-oil. Common 
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noble metal catalysts include Ru, Rh, Pd and Pt, while common base metal catalysts are Co and 
Ni.12 
A large number of studies have been done to evaluate the economic feasibility of fast 
pyrolysis for biofuel applications. A report published by Pacific Northwest National Laboratory 
(PNNL) analyzed the upgrading of bio-oil to hydrocarbon fuels.13 They estimated the capital cost 
for a stand-alone 𝑛𝑡ℎ plant to be $303 million on a 2007 cost basis. The minimum fuel-selling 
price (MFSP) for gasoline and diesel was $2.04 per gal ($1.34 per gallon of ethanol equivalent) 
with the assumption of a 10% internal rate of return (IRR). PNNL updated this study by 
investigating the economics of biofuel production via fast pyrolysis and hydroprocessing to yield 
blend stock fuels.14 The MFSP for the gasoline and diesel range blend stock was $3.39 per gallon 
of gasoline equivalent based on 2011 dollars for a target year of 2017. The National Renewable 
Energy Laboratory (NREL) also analyzed the economics of fast pyrolysis of biomass into 
transportation fuels. NREL estimated a $6.55 per gallon fuel cost for a first-of-a-kind stand-alone 
biorefinery and $3.41 per gallon for a pioneer hydrogen-purchasing plant.15 Projected costs in 
that study for a mature nth ranged between $2.11 and $3.09 per gallon. In 2015, NREL evaluated 
the MFSPs for in-situ and ex-situ upgrading of fast pyrolysis vapors as $3.46 and $3.31/gal.16 
Other literature estimates indicate that pyrolysis biofuel prices range between $1.49 and $3.69 
per gallon.17–21  
Previous studies underscore the challenge to produce high quality bio-oil that can be 
upgraded into transportation fuels economically. This study employs a novel bio-oil fractionation 
system22 developed by Iowa State University to improve the recovery and upgrading of bio-oil to 
fuels and bioproducts. The fractionation unit employs temperature-controlled heat exchangers 
and electro-static precipitators to collect bio-oil as five stage fractions (SFs) with distinctive 
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characteristics. SFs can be upgraded individually, or combined, into desired products. In this 
study, the bio-oil fractions are stabilized to improve their compatibility with refinery 
intermediate streams and equipment. Hydrodeoxygenation is employed to extract the oxygen 
content of SFs while hydrocracking focuses on breaking long-chain carbon bonds or cyclic 
compounds into shorter chain (<C30) hydrocarbons to obtain a stable oil.
23,24 Hydrogen input is 
required for the hydroprocessing process, and it can be provided by steam-reforming of the light 
bio-oil SF and merchant natural gas. Gasoline and diesel fuel blend stocks are finally produced 
from distillation of the hydrotreated and hydrocracked stable oil. To make the stabilization 
process more profitable, the light bio-oil stage fraction can be upgraded into mixed alcohols as a 
by-product.  
The contribution of this study is to evaluate the latest advancement in bio-oil stabilization 
and upgrading via four biofuel production scenarios based on 1) different biorefinery-refinery 
integration levels and 2) by-products from biomass fast pyrolysis and bio-oil stabilization. We 
evaluate the MFSP and GHG emissions for each of these scenarios and conduct sensitivity 
analysis of key processing parameters. 
Method  
Process model description 
The process of biomass conversion into bio-oil, bio-oil stabilization, and its subsequent 
upgrading to biofuels was modeled in Aspen PlusTM. This study assumes red oak is delivered 
with 25 wt.% moisture content. The input capacity of the conversion facility is assumed to be 
2000 metric tons/day (MT/d) of red oak. The plant is considered to be based on a 𝑛𝑡ℎ plant 
design. This conceptual design assumes that all the necessary engineering breakthroughs have 
been achieved and technical bottlenecks have been solved. The process model consists of seven 
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primary technical areas: pretreatment (A100), fast pyrolysis (A200), fractionation (A300), 
hydrogen production (A400), stabilization (A500), upgrading (A600) and steam generation 
(A700). A simplified block diagram of the overall process and the detailed description are shown 
in Figure 1 and Table 1 respectively. The blue dash line in Figure 1 describes the alternative 
application of the light bio-oil stage fraction (SF5). SF5 can be used for hydrogen generation 
through steam-methane reforming or upgraded into mixed alcohols by ketonization. Heat and 
power integration among different individual areas (red dash line) are designed to improve 
energy efficiency. 
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Figure 1. Process block diagram of red oak fast pyrolysis and bio-oil stabilization for 
gasoline/diesel and alcohol production 
Table 1. Summary descriptions of the bio-oil stabilization process areas 
Areas Description 
100 Red Oak is chopped into less than 3mm and dried to less than 10% moisture. 
200 Pretreated red oak is thermochemically decomposed in a fluidized bed pyrolysis 
reactor into bio-oil, biochar and non-condensable gases (NCG). Solid char is 
removed from the vapor stream by cyclones and combusted for heat. 
300 Bio-oil is recovered into five different stage fractions (SF1-5) with a series of 
condensers, and electrostatic precipitators. NCG is combusted to steam-generation 
area. 
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Table 1 (continued) 
400 Merchant natural gas and the bio-oil light fraction (SF5) are steam reformed to 
produce hydrogen, which is used in stabilization and upgrading reactions. 
500 Heavy (SF1&2) and middle (SF3&4) fractions are cracked into smaller molecules 
and deoxygenated into hydrocarbons. The light fraction (SF5) is upgraded into 
mixed alcohols for some scenarios. 
600 Stable bio-oil is distillated and hydrocracked into gasoline- and diesel-blend stock 
fuels. 
700 Char and NCG are combusted to provide drying heat and fluidizing gas for the 
pyrolysis reactor. Excess heat is recovered as low pressure steam. 
Four scenarios are compared in this paper based on the biorefinery integration and 
alcohol by-product: stand-alone hydrocarbons (SH), integrated hydrocarbons (IH), stand-alone 
hydrocarbons and alcohols (SHA), and integrated hydrocarbons and alcohols (IHA). The stand-
alone biorefineries include methane steam reformers for on-site hydrogen generation using 
merchant natural gas and process off-gas. The integrated biorefineries leverage reformers and 
upgrading units that are commonly available at existing refineries. This would reduce the total 
investment cost. However, an integrated biorefinery would require transportation of biomass or 
raw bio-oil liquids to a centralized facility, which raises logistical challenges, the subject of 
another study.25 Stage fraction SF5 can be utilized as a hydrogen source, which displaces the 
need for natural gas. Displacing natural gas improves the environmental performance of the 
biorefinery, but SF5 can also be upgraded into alcohols with higher economic value. This 
tradeoff is explored in the present study. The stand-alone hydrocarbons (SH) scenario is treated 
as the base case. 
Figure 2 gives a more detailed flow diagram for the stand-alone bio-oil stabilization 
process, and it illustrates the biomass conversion, bio-oil fractionation, bio-oil stabilization, 
hydrogen production and bio-oil upgrading steps. The table below the simplified flow diagram 
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shows the stream conditions (temperature, pressure and mass flow rate) calculated by Aspen 
PlusTM. 
This study employs red oak with the ultimate and proximate analysis presented in Table 2 
. Feedstock grinding and drying occur at the plant gate. Red oak feedstock is first chopped from 
25 mm to 10 mm in a crusher. The chopped feedstock is mixed with phosphoric acid in order to 
increase the sugar yield as indicated in the literature.26 It is then dried from an as received 
moisture content of 25 wt.% to less than 10 wt.% to reduce parasitic energy losses during the 
pyrolysis process. A hammer mill grinder further reduces the biomass particle size to less than 3 
mm. After the pretreatment process, the ground red oak is fed into a fluidized bed reactor where 
it is thermochemically decomposed at 500 °C under ambient pressure. NCGs from pyrolysis are 
sent to the steam generation area to provide process heat and fluidize the reactor bed. Biochar is 
collected from cyclones and combusted in a boiler to generate steam.  
Table 2. Ultimate and proximate analysis of red oak feedstock (wt.%)27  
Ultimate analysis (dry basis)  Proximate analysis (wet basis) 
Element Red Oak  Red Oak 
Carbon 48.70 Moisture 3.90 
Hydrogen 6.80 Fixed carbon 12.60 
Nitrogen 0.07 Volatile matter 81.90 
Chlorine 0.00 Ash 1.70 
Sulfur 0.00   
Oxygen 44.00   
The main pyrolysis product bio-oil is recovered into five stage fractions with distinctive 
physical and chemical properties using a novel fractionation system developed at Iowa State 
University. The fractionation system consists of a series of condensers and electrostatic 
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precipitators. Detailed information of the fractionation system can be found in the literature.22 
SF1 and SF2 are designated as heavy ends and mainly include water soluble sugars and water 
insoluble phenolic oligomers. SF3 and SF4 are regarded as the middle fraction. Water and acids 
are the main constituents of light stage fraction SF5.22 
A two-step reduction and reaction stabilization system has been developed for heavy and 
middle fractions by Pacific Northwest National Laboratory (PNNL).6 SF1&2 and SF3&4 are first 
cracked into smaller molecules under high pressure of 121 bar and temperature of 140°C.  These 
smaller bio-oil molecules will subsequently react with hydrogen to remove oxygen under 
reaction conditions of 121 bar and 370°C. The stabilization reactors operating conditions are 
based on guidelines provided by collaborators from PNNL and University of Oklahoma. 
(Douglas C. Elliott, Daniel E. Resasco, Steven P. Crossley, personal communication, Feb.2015) 
The stable oil from the two-step stabilization system are finally inserted into conventional 
refinery equipment to produce a blend of gasoline and diesel products. In this study, a distillation 
tower is designed to separate gasoline and diesel range products. The heavy bottoms from the 
distillation tower will be hydrocracked further to increase the yield of gasoline and diesel-range 
hydrocarbons. 
The hydrogen production area employs steam reforming to convert light stage fraction 
SF5, natural gas, fuel gas, and makeup water into hydrogen. An alternative use of SF5 is to 
upgrade it into mixed alcohols via ketonization and alkylation reactions. The reaction 
mechanisms for ketonization and alkylation of carboxylic acids are based on a previous study.28
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Stream 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
T (°C) 25 25 102 102 102 488 488 488 25 25 10 102 102 77 77 102 102 
P (bar) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
m 
(MT/day) 
2667 2667 2166 548 2166 5573 261 5313 23314 2157 53745 5038 4631 4542 4511 274 408 
Stream 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
T (°C) 77 77 120 40 40 25 25 505 66 66 66 66 66 66 66 140 200 
P (bar) 1 1 1 1 1 1 1 22 22 121 22 22 121 121 121 121 121 
m (MT/day) 89 31 459 517 144 150 541 1350 1921 102 102 1820 27 41 19 1044 1082 
Stream 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 
T (°C) 90 296 176 381 133 18 40 40 381 381 120 250 66 180 25 180 180 
P (bar) 1 1 1 1 3 1 1 1 1 1 1 28 121 93 1 93 93 
m (MT/day) 1082 245 278 3407 1265 3851 3000 5150 11 7675 459 495 2 497 497 38 458 
Figure 2. Detailed biomass fast pyrolysis and bio-oil stabilization process flow diagram and stream condition table (stream numbers 4 
denoted by blue ovals) 5 
 6 
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Pyrolysis model compounds are determined based on a PNNL study.14 The yield 
distributions for products from pyrolysis at 500 °C are modeled based on experimental data 
provided by Rover et al.29 Table 3 shows the pyrolysis yields from Aspen PlusTM for bio-oil, 
non-condensable gases, and biochar on a weight basis.  
Table 3. Selected and combined compound yields for red oak pyrolysis at 500 °C and 
atmospheric pressure (wt.% of dry red oak feedstock) 
Component wt.% Component wt.% 
Bio-oil   Gas   
Acetic-acid 4.39 Hydrogen 0.01 
P-Ethylphenol 0.79 Carbon Monoxide 8.11 
Levoglucosan 12.12 Carbon Dioxide 9.70 
Diketene 0.27 Methane 1.00 
High MW sugars 18.47 Ethylene 0.20 
Phenol 0.35 Propane 0.23 
P-Methoxyphenol 1.07 Ethane 0.15 
Dehydroabietic-acid 14.01   
Water 16.46   
Solids yield (wt.%) 12.67   
Gas yield (wt.%) 19.41   
Liquid yield (wt.%) 67.93   
 
Economic analysis 
Based on the different by-products and refinery integration levels, economic analyses for 
four bio-oil stabilization scenarios are evaluated and compared in this paper. The integrated 
biorefinery design assumes the facility is co-located with an existing refinery. Similar to a 
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previous report,13 steam reforming of off-gas and light bio-oil stage fraction for hydrogen 
generation and upgrading of the stable oil to final products are assumed to occur in an existing 
refinery. 
The techno-economic analysis (TEA) assesses a commercial-scale process that converts 
red oak into stable bio-oil stage fractions to be inserted into existing petroleum refineries. It 
evaluates the incremental cost of the stabilization units and the overall MFSP of the final fuel 
required for the facility to achieve profitability. The biomass feedstock cost, capital cost and 
operating costs associated with construction and operation of the conversion facility are 
combined to evaluate process economics. This study employs economic and financing 
assumptions based on public reports by PNNL and NREL.13–16 The discounted cash flow rate of 
return (DCFROR) method is employed with a 30-year plant life and 40% equity. Debt financing 
occurs at a 7.5% interest rate for 10 years. Capital and operating costs are calculated, and the 
MFSPs are estimated based on a 10% internal rate of return (IRR) target. Cost are reported on a 
2011-dollar value basis. Table 4 shows the main economic financial assumptions. 
Table 4. Financial assumptions 
Parameter Assumption 
Internal rate of return 10% 
Equity 40% 
Plant life 30 years 
Income tax rate 35% 
Interest rate for debt financing 7.5% annually 
Term for debt financing 10 years 
Working capital cost 15% of fixed capital cost 
Depreciation schedule 7-years MACRS schedule 
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Table 4 (continued)  
Construction period 3 years 
Plant salvage value  0 
Startup time 0.5 year 
Revenue and costs during startup   revenue: 50%  
(% of normal)  variable costs: 75% 
 fixed cost: 100% 
On-stream factor 90% 
Process models for each scenario were developed in Aspen PlusTM, and it provides the 
base purchased equipment cost from the Aspen Process Economic Analyzer (APEA). The 
installed equipment costs are calculated with the installation factors suggested by Peters and 
Timmerhaus.30 Total installed equipment costs (TIC) and land costs complete the total direct 
costs. The indirect costs including engineering costs, construction costs and legal and contractor 
fees costs are estimated based on the percentage parameters of total purchased equipment costs 
provided by Peters and Timmerhaus.30 The project contingency value of 37% is assumed to 
account for unforeseen costs such as construction delays and market downturns. Project 
contingency is also included in the total indirect costs in this study. Working capital is calculated 
as 15% of fixed capital investment (FCI). The total project investment (TPI) represents the sum 
of total direct cost, indirect cost and working capital.  
Annual operating costs are estimated based on the raw material, waste disposal, by-
product costs, and utility costs as shown in Table 5. Historical market price data from 2010-2015 
are considered for the variable material costs in this process. The feedstock cost is assumed to be 
$83 per metric ton on plant-gate dry basis, and it does not include drying and grinding costs. The 
prices of commercial hydrogen, natural gas, catalyst, chemical and process utilities are based on 
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public reports and market information.20 The facility operating hours are assumed as 7884 
hours/year. Finally, several process parameters associated with technical, financial and market 
aspects are selected and evaluated to identify their impacts on the MFSP in the sensitivity 
analysis.31 These parameters vary based on practical conditions. Therefore, different variance 
ranges of various parameters have been employed to compare their influence on the MFSP. 
Table 5. Base case material and operating parameter assumptions for sensitivity analysis 
Raw Materials Price Units 
Red Oak 83.00 $/metric ton 
Hydrogen (merchant) 1.50 $/kg 
Natural gas 5.10 $/kscf 
Pyrolysis catalyst 5.00 $/lb 
Hydrotreating catalyst 15.50 $/lb 
Hydrocracking catalyst 15.50 $/lb 
Hydrogen plant catalysts 3.60 ¢/kscf H2 
Boiler chemicals 1.40 $/lb 
Cooling tower chemicals 1.80 $/lb 
Waste Disposal Price Units 
Sand & ash 0.01 $/lb 
WWT  0.09 $/kg COD 
By-product credits Price Units 
Alcohols 495.50 $/metric ton 
Utilities   
Cooling Tower makeup 100.80 ¢/1000 gal 
Boiling Feed Water makeup 100.80 ¢/1000 gal 
Hydrogen Plant Process Water 100.80 ¢/1000 gal 
Electricity 6.16 ¢/kwh 
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Life cycle analysis 
Life Cycle Analysis has been widely employed to evaluate the environmental impacts of 
biofuel production system.32 This study employs GREET.NET to evaluate the life cycle GHG 
emissions of the bio-oil stabilization process.33 A previous study has shown that GHG emissions 
for stand-alone and integrated biorefinery bio-oil stabilization processes are similar.34 Therefore, 
only two bio-oil stabilization scenarios are analyzed based on the by-products. The LCA model 
in this study contains four main steps: biomass production and collection; pyrolysis, stabilization 
and upgrading; hydrogen production; and biofuel transportation. The LCA system boundary is 
shown in Figure 3. The functional unit is chosen as 1 MJ pyrolysis-based biofuel (gasoline and 
diesel). 
This study assumes red oak is collected as forest residues without any fertilizer 
consumption, and it is transported from the forest field to the integrated pyrolysis plant using 
heavy-duty trucks with a transportation distance of 150 miles. Final gasoline and diesel products 
are transported to the bulk terminal via barge, pipeline, and rail, and finally to the refueling 
station with heavy-duty trucks. Power consumed in the whole bio-oil stabilization system comes 
from the U.S. Mix. The displacement method is applied to account for alcohols by-product. 
Mixed-alcohols product is assumed to displace the same amount of average ethanol produced in 
U.S.  
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Figure 3. Life-cycle analysis system boundary for the fast pyrolysis bio-oil stabilization process 
Result & Analysis 
Mass and energy balance results 
Figure 4 shows the mass and energy flows of the bio-oil stabilization process. The total 
energy of each stream includes the higher heating value (HHV) and sensible heat. HHV of 
different streams were calculated by Aspen PlusTM except for the HHV of unconventional solids. 
HHV of red oak and biochar are given as 18 MJ/kg35 and 23.05 MJ/kg36 in this project. Sensible 
heat calculation is based on the enthalpy difference between stream at stream condition and 
stream at standard condition, which is 25°C and 1 atmosphere of pressure.37 The energy error 
difference between the inlet and outlet stream is considered as part of the energy losses. We 
obtained a greater than 90% energy balance for each process area.  
In Figure 4, energy balances are given as a percent of the inlet red oak energy content. As 
calculated above, the total energy in the outlet drop-in fuel stream represent about 65% of the 
biomass stream. Natural gas is added to the process for hydrogen production and represents 
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16.5% of the biomass stream. The percent of biomass energy in the biofuel output is 55.8% after 
adjusting for the natural gas input on an energy basis. Transferring heat among various internal 
areas lowers down the operating costs for steam purchase and improves the energy efficiency for 
the bio-oil stabilization process. However, this study did not include a pinch analysis to optimize 
the selection and configuration of heat exchangers in the process.  
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Figure 4. Mass and energy balance (HHV+ sensible energy) of the bio-oil stabilization process 
Table 6 shows the overall fuel yields and energy consumption data of the fast pyrolysis 
bio-oil stabilization process as predicted from Aspen PlusTM. The overall gasoline and diesel 
yields are estimated as 50.73 and 37.01 gallons/dry metric ton biomass individually, while 33.30 
and 24.30 million gallons of gasoline and diesel are produced per year based on the 2000 metric 
tons per day conversion facility. Natural gas and electricity are the main energy resources for this 
bio-oil stabilization process. We estimate their input as 0.65 kg of natural gas and 1.39 kWh of 
electricity for each gallon of biofuel product.  
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Table 6. Bio-oil stage fraction stabilization process engineering analysis 
Process Result Value 
Gasoline production at operating capacity (MM gal/yr) 33.30 
Gasoline product yield (gallons/dry metric ton biomass) 50.73 
Diesel production at operating capacity (MM gal/yr) 24.30 
Diesel product yield (gallons/dry metric ton biomass) 37.01 
Natural gas input (kg/gallon of product) 0.65 
Electricity input (kWh/gallon of product) 1.39 
 
Economic results 
The total project investment (TPI) is estimated as $432.5 million including direct cost, 
indirect cost, and working capital. The estimated direct, indirect, and working capital costs of the 
bio-oil stabilization without alcohols by-product are $281.1 million, $87.1 million and $64.3 
million respectively which accounts for 65%, 20% and 15% of the TPI, correspondingly. The 
total investment cost for bio-oil stabilization with alcohols by-product case is estimated as 
$454.5 million. The increased equipment cost for upgrading the bio-oil light fraction into mixed 
alcohols leads to a higher total project investment. 
The installed equipment cost is the main component of the direct cost. The installed 
equipment cost components for stand-alone hydrocarbons (SH), integrated hydrocarbons (IH), 
stand-alone hydrocarbons and alcohols (SHA), and integrated hydrocarbons and alcohols (IHA) 
scenarios are shown in Figure 5. The total installed equipment costs without alcohols by-product 
production is reduced from $277 million (SH) to $163.0 million (IH) when considering the 
refinery integration. The total installed equipment cost decreases from $289.7 million (SHA) to 
$174.6 million (IAH) for the alcohols by-product production case. The estimated cost does not 
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include cost expenses due to potential increases in storage and material transportation 
requirements. As shown in Figure 5, the pretreatment and pyrolysis area accounts for 
approximately 43% and 73% of the stand-alone and integrated overall. It is mainly derived from 
the high equipment cost for driers and the pyrolysis reactor. The reactors for converting the light 
fraction SF5 into mixed alcohols increase the installed equipment cost of the stabilization area. 
 
Figure 5. Installed equipment cost components for stand-alone (SH, SHA) and (refinery) 
integrated (IH, IHA) bio-oil stabilization and alcohol by-product 
The operating costs of the SH, IH, SHA and IHA scenarios are compared in Figure 6. 
MFSPs for SH and IH are $2.85 and $2.33 per gallon respectively.  Analysis of SH scenario 
shows us that dry biomass feedstock cost of $0.94/gal is the major contributor to the overall 
operating cost, followed by average return on investment, fixed cost, catalysts & chemicals, 
capital depreciation, average income tax, natural gas, electricity and other utilities. Catalysts & 
chemicals costs are included in hydrotreating, hydrocracking, hydrogen generation, boiler 
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chemicals, and cooling tower chemicals. The estimated MFSPs for SHA and IHA are $2.77 and 
$2.25 per gallon respectively. Compared to the without alcohols by-product case (SH and IH), 
natural gas cost increases to $0.23/gal while the fixed cost increases to $0.37/gal. The credits 
from mixed alcohols by-product are $0.14/gal.  
 
Figure 6. Operating costs for stand- alone (SH, SHA) and (refinery) integrated (IH, IHA) bio-oil 
stabilization and alcohol by-product (Minimum fuel-selling price shown in parenthesis) 
Sensitivity analysis results 
A sensitivity analysis for the stand-alone bio-oil stabilization without alcohols by-product 
scenario (SH base case) was conducted with different variations in various parameters that could 
have significant impacts on the MFSP. In this study, diesel and gasoline yield, fixed capital 
investment, feedstock cost, natural gas, hydrotreating catalyst life, hydrocracking and hydrogen 
plant catalyst price, boiler chemicals cost and cooling tower chemicals cost are selected as key 
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variables. As shown in Figure 7, feedstock cost has the largest impact on the final MFSP. 
Decreasing feedstock cost from 113 to 56 $/dry ton leads to a reduction of MFSP from $3.32 to 
$2.61/gal. As the fixed capital investment decreases by 10%, MFSP decreases from $2.85 to 
$2.72/gal accordingly. Increasing the hydrotreating catalyst life from 0.5 to 2 years could 
decrease the MFSP from $3.06/gal to $2.74/gal. Gasoline and diesel also have important impacts 
on the MFSP. Increasing gasoline yield from 46 to 56 gal/MT results in a MFSP reduction from 
$3.02 to $2.69/gal, while increasing diesel yield from 33 to 41 gal/MT results in a MFSP 
reduction from $2.97 to $2.73/gal. Increasing natural gas by 20% results in MFSP escalating to 
$2.88/gal while lower MFSP is achieved with decreasing natural gas prices. Moreover, both 
hydrocracking and hydrogen plant catalyst costs show relatively small influence on the MFSP. 
The impacts of boiler chemicals catalyst cost and cooling tower chemicals cost on the MFSP are 
the least based on the assumption that commercial and cost-effective catalyst are commercially 
available. According to the results, it can be inferred that feedstock cost, fixed capital 
investment, catalyst life and fuel product yield have the most significant impacts on MFSP. 
 
Figure 7. Minimum fuel-selling price sensitivity analysis to key techno-economic parameters 
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Life cycle analysis results 
The LCA results characterize the environmental impacts for producing biofuels based on 
the pyrolysis and stabilization scenarios described in this study. Bio-oil stabilization scenarios 
with or without alcohol by-products yield GHG emissions that are lower than for petroleum 
gasoline. Bio-oil stabilization without alcohols by-product scenario (SH) can reduce GHG 
emissions by 66%, while with alcohols by-product scenario (SHA) can reduce GHG emission up 
to 63%. In the SHA case, the displacement of alcohols byproduct could generate some GHG 
emissions credits, however, more GHG emissions have been released from higher merchant 
natural gas consumption. 
Key assumptions for the LCA include: the solid and gaseous pyrolysis products, biochar 
and NCG, are combusted to produce heat and steam, while bio-oil is stabilized and upgraded to 
gasoline and diesel range fuel; and the biogenic carbon absorbed and stored in biomass is 
assumed to completely cancel out the released carbon via biofuel, biochar and non-condensable 
gas combustion. Regardless of alcohols by-product, H2 production is the major contributor to the 
total GHG emissions for bio-oil stabilization process followed by pyrolysis & stabilization & 
upgrading. Natural gas used for H2 production and electricity generated from fossil fuels are the 
major GHG emissions. Default GREET assumptions for indirect land use change from the use of 
forest residue were employed. Figure 8 compares the GHG emissions for two bio-oil 
stabilization process scenarios (SH and SHA) relative to petroleum gasoline. According to the 
Renewable Fuel Standard (RFS2), the gasoline and diesel fuel from the fast pyrolysis bio-oil 
stabilization process qualifies as advanced biofuels.38 
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Figure 8. Life cycle emissions for bio-oil stabilization process (with alcohols and without 
alcohols) compared to petroleum gasoline process 
Conclusions 
This study evaluated both economic and environmental impacts of biomass fast pyrolysis 
and stabilization to produce refinery intermediate fuels process. Four economic scenarios were 
compared depending on by-products and integration with existing refineries. The capital cost, 
operating cost and MFSPs are evaluated based on the discounted cash flow rate of return method, 
with a 30 years plant life and 10% internal rate of return. We estimated a total production of 57.6 
MM gal/year of gasoline and diesel range fuel from a 2000 metric tonne per day biorefinery. The 
MFSP of the stand-alone hydrocarbons (SH) case is determined as $2.85 per gallon, with an 
installed equipment cost of $277 million. Among the four compared economic scenarios, 
collaborating with refineries and producing alcohols as by-products could decrease the MFSP to 
$2.25 per gallon. As shown in the sensitivity analysis, feedstock cost has the most significant 
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impact on the MFSP, followed by fixed capital cost, catalyst life, gasoline and diesel yield. 
Therefore, lowering down the feedstock cost and capital cost, improving the hydroprocessing 
catalysts life as well as improving the stabilization technology to enhance the final fuel product 
yield could decrease the MFSP and make the product more economically competitive. Life cycle 
analysis results for the bio-oil stabilization process indicates that this biofuel could reduce 
transportation GHG emissions by up to 66%. 
These results suggest that bio-oil stabilization incurs relatively high capital and operating 
costs. The improved compatibility with petroleum refinery equipment may be required for the 
adoption of bio-oil in existing refineries. Furthermore, the biorefinery could produce alcohol by-
products which lower biofuel costs, but slightly raise GHG emissions.  
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CHAPTER 3 THE IMPACTS OF BIOMASS PROPERTIES ON PYROLYSIS YIELDS, 
ECONOMIC AND ENVIRONMENTAL PERFORMANCE OF THE PYROLYSIS-
BIOENERGY-BIOCHAR PLATFORM TO CARBON NEGATIVE ENERGY 
(Modified from a paper published in Bioresource Technology 
Wenqin Li, Qi Dang, Robert C. Brown, David Laird, Mark Mba Wright) 
 
Abstract 
This study evaluated the impact of biomass properties on the pyrolysis product yields, 
economic and environmental performance for the pyrolysis-biochar-bioenergy platform. We 
developed and applied a fast pyrolysis, feedstock-sensitive, regression-based chemical process 
model to 346 different feedstocks, which were grouped into five types: woody, stalk/cob/ear, 
grass/plant, organic residue/product and husk/shell/pit. The results show that biomass ash content 
of 0.3 to 7.7wt.% increases biochar yield from 0.13 to 0.16 kg/kg of biomass, and decreases 
biofuel yields from 87.3 to 40.7 gallons per tonne. Higher O/C ratio (0.88 to 1.12) in biomass 
decreases biochar yield and increases biofuel yields within the same ash content level. Higher 
ash content of biomass increases minimum fuel selling price (MFSP), while higher O/C ratio of 
biomass decreases MFSP within the same ash content level. The impact of ash and O/C ratio of 
biomass on GHG emissions are not consistent for all feedstocks. 
Introduction 
Global warming has drawn widespread attention through 20th century although it was 
first proposed in the 19th century by Swedish scientist Svante Arrhenius. The average surface 
temperature of the earth has risen about 1.8 Fahrenheit (1.0 Celsius) from 1880 to 2015.1 
Greenhouse gases (GHG) including water vapor, methane, carbon dioxide, nitrogen dioxide, 
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ozone and chlorofluorocarbons, behave like an atmospheric blanket around the earth, which 
would slow down or resist heat radiation, further leading to a warmer earth.2 There are two main 
GHG sources: human activities and natural activities such as solar energy changes, volcanic 
eruption. There is a 95% possibility that GHG emissions from human activities, such as 
producing energy from fossil fuels, are a major cause of global warming since the mid-20th 
century.3 Therefore, how to reduce GHG emissions while producing energy has been widely 
investigated by researchers.  
Fast pyrolysis is a promising thermochemical conversion technology to produce 
renewable energy. It decomposes organic materials of recent biological origin called biomass 
into gaseous, liquid and solid products under moderate conditions and within a few seconds.4 
Auto-thermal pyrolysis introduces oxygen into the reactor at equivalence ratios of less than 0.06 
to provide the heat for fast pyrolysis. Non-condensable gases (NCG) contain CO, H2 and a small 
amount of low molecular weight hydrocarbons, which could be burned to provide heat for use in 
the pyrolysis process. The liquid pyrolysis product is known as bio-oil, which is a dark brown 
free-flowing liquid with water content up to 25wt%.5 Bio-oil is very unstable and is difficult to 
store or transport due to hundreds of complex oxygenated compounds. It could be further 
stabilized and upgraded into transportation fuels or chemicals or be co-fired with conventional 
petroleum fuels to generate process heat or electricity.6–8 The solid biochar is a condensed stable 
aromatic carbon-rich co-product.9 Biochar could be used for water or air pollutant absorption due 
to its porous structure. It is also a potential soil amendment that increases soil carbon content, 
improves water retention ability, reduces water-soluble nutrients leaching, and reduces soil bulk 
density.10–13  Basso et al. (2013) reported that adding biochar to sandy loam soil increases water 
holding capacity and might also play a positive role in raising available water for crops.14 Fidel 
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et al. (2016) concluded that biochar amendment could reduce N2O emissions. The impacts on 
CO2 emissions are insignificant other than the mineralization of labile organic or hydrolysis of 
inorganic carbon fractions of biochar.15 The long-term impacts of different types of biochar on 
various types of soil are still under investigation.  
Several studies have explored fast pyrolysis technology and biochar utilization. Pacific 
Northwest National Laboratory (PNNL) and the National Energy Research Laboratory (NREL) 
have conducted detailed studies and estimated minimum fuel selling prices (MFSP) for biofuels 
from fast pyrolysis, in-situ and ex-situ pyrolysis of lignocellulosic biomass to range from 
$3.31/gal to $3.46/gal. 16,17 Argonne National Laboratory (ANL) has conducted full life cycle 
analysis of fast pyrolysis from well to wheels using the Greenhouse Gases, Regulated Emissions, 
and Energy Use in Transportation (GREET.net) model, which is a widely-used life cycle model 
software designed to evaluate the energy and emission impacts of new technologies. The LCA 
results show that renewable biofuels from fast pyrolysis could reduce vehicle GHG emissions by 
51% to 96%, and the GHG emissions are tightly dependent on feedstock type, H2 resources, 
process design specification, product yields and co-product utilization.18,19 However, very few 
studies include a comprehensive analysis that evaluates the economic and environmental 
tradeoffs of using various feedstocks to produce biofuels via fast pyrolysis. Bio-oil and NCG 
from fast pyrolysis facility are deoxygenated or upgraded to produce renewable energy, 
specifically referring to transportation fuel in this study. Biochar is applied to degraded soils to 
improve soil quality, sequester carbon, and further increase crop yields. Food crops are harvested 
and sold to the food market for economic benefits while the crop residue and biomass will be re-
supplied to the pyrolysis facility to continuously produce renewable energy.  
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Biomass, as the starting point of the pyrolysis-bioenergy-biochar platform, has significant 
impacts on the product yield, the economic and environmental performance. There are a few 
studies that investigated biomass property impacts on pyrolysis yields.20–23 Fahami et al. (2007) 
concluded that ash content of biomass has a dominant impact on fast pyrolysis yields while 
higher lignin content of biomass leads to higher molecular weight bio-oil compounds.21 Oasmaa 
et al. (2010) has compared the fast pyrolysis bio-oil yields from woody and agricultural residues. 
They indicate that ash content, O/C ratio and volatile content of the feedstock have an important 
impact on the product yields.24 However, none of these articles have expanded the discussion to 
incorporate the economic and environmental impacts of different feedstock properties. Meyer et 
al. (2016) recently compared the economic and environmental impacts of pyrolyzing seven 
feedstocks, and they concluded that product yield, feedstock cost and hydrotreating catalyst life 
have the most significant impacts on the economics, while GHG emissions reductions are tightly 
related to the natural gas consumption for H2 required for upgrading process.25 Meyer et al. 
(2016) discussed the economic and environmental impacts of fast pyrolysis of different 
feedstocks. However, the feedstock types and quantities they investigated were limited. In this 
study, we investigated the impacts of feedstock properties on product yields, economic and 
environmental performances for the pyrolysis-bioenergy-biochar platform, with a large number 
of different feedstocks 
Method & Materials 
Regression model 
North Carolina State University and Iowa State University have conducted fast pyrolysis 
experiments of 12 different feedstocks under identical experimental conditions. Table 1 shows 
the fast pyrolysis yields of bio-oil organics, water content, NCG and biochar on a dry basis, as 
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well as ultimate analysis data of 12 different feedstocks. The selected feedstocks include wood 
residues, crop residues and grasses. We fit the experimental data into four linear regression 
models to evaluate the correlation between fast pyrolysis yields and biomass properties. Oxygen 
to carbon ratio (O/C) and ash content of biomass are chosen as two representative parameters for 
biomass properties. Three outlier data points including beech bark, sweetgum and acacia were 
eliminated when building the regression models. Prediction functions from Mathematica 11.0 
software are employed to fit the experimental data into four regression models.26  
Table 1. Ultimate analysis and experimental pyrolysis yields data for 12 different feedstock 
Ultimate analysis (% dry basis) 
  Sweetgum 
Beech 
Bark 
Acacia 
Acacia 
Bark 
Corn 
Stover 
Red Oak 
Carbon 46.4 44.5 48.4 49.9 43.2 49.6 
Oxygen 48.4 50.2 46.5 44.0 49.4 44.3 
Ash 0.8 7.4 0.6 3.3 8.1 0.4 
  Switchgrass Sourwood 
Yellow 
Poplar 
Red 
Maple 
Beech 
Loblolly 
Pine 
Carbon 46.6 46.9 47.1 47.4 48.2 48.4 
Oxygen 48.0 48.0 47.8 47.5 46.3 46.8 
Ash 1.4 0.5 0.6 0.3 0.5 0.6 
Pyrolysis yield (wt. %) 
  Sweetgum 
Beech 
Bark 
Acacia 
Acacia 
Bark 
Corn 
Stover 
Red Oak 
Organics 55.1 29.2 43.9 33.8 27.7 43.4 
Char 9.0 24.6 10.7 21.7 21.7 13.5 
NCG 25.4 19.8 32.5 25.5 26.9 23.3 
Water 10.5 26.4 12.9 19.0 23.8 19.8 
  Switchgrass Sourwood 
Yellow 
Poplar 
Red 
Maple 
Beech 
Loblolly 
Pine 
Organics 51.4 58.0 52.3 53.5 54.0 50.7 
Char 9.5 6.3 7.4 7.0 10.6 10.0 
NCG 25.3 27.5 30.2 30.5 25.2 25.3 
Water 13.8 8.2 10.1 9.0 10.2 14.0 
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Process modeling 
The fast pyrolysis and upgrading process to convert biomass into transportation fuel is 
modeled in Aspen Plus TM. The process represents a biorefinery processing 2000 metric tons per 
day (MT/d) of biomass. Figure 1 briefly introduces the fast pyrolysis of biomass to gasoline and 
diesel production process. Biomass is first chopped and ground into less than 3mm diameter. The 
fine biomass particles are dried to reduce moisture content to less than 10 wt. %. Pretreated 
biomass is then decomposed into bio-oil, biochar and non-condensable gases in a fluidized bed 
reactor under 500 C and 1 atm. The pyrolysis yields are predicted by the regression model based 
on experimental pyrolysis data. The Phyllis2 database created by the Energy Research Center of 
Netherland (ECN) provides a properties database of various biomass samples. We collected 
ultimate analysis data (on a dry basis) of 2000 different biomass samples from the Phyllis2 
database and downsized them to 346 kinds of biomass based on the O/C ratio and ash content 
range of the selected experimental feedstocks.27 These 346 biomass samples could be grouped 
into untreated wood, treated wood, straw (stalk/cob/ear), grass/plant, organic residue/product and 
husk/shell/pit. An Aspen Simulation Workbook (ASW) imports these 346 biomass properties 
datasets and runs the process model for all 346 scenarios. Bio-oil yield compositions are 
modeled to be the same and described in a previous study,28 but their yields vary according to the 
regression model. A series of cyclones separate biochar from the pyrolysis vapor. Biochar is 
employed as a soil amendment to improve soil quality, sequester carbon, and increase the crop 
yields. Pyrolysis vapors are fractionated into five stage fractions using electrostatic precipitators 
(ESPs) and condensers. The heavy and middle bio-oil stage fractions (SF1-4), which includes 
water-soluble sugars and water-insoluble phenols, are deoxygenated into stable oil using a two-
stage hydrotreating process. Stable oil is finally distillated and hydrocracked into gasoline and 
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diesel range fuels. The light stage fraction of bio-oil (SF5) consist of light oxygenated 
compounds such as acids, ketones, furans. It is reformed with make-up natural gas, pyrolysis off 
gases and water to produce H2 in a steam reforming reactor and a subsequent water-gas shift 
reactor. The steam to carbon ratio in the H2 production system is 2.5 based on other literature 
studies.28 NCG, off gases and merchant natural gas are combusted to produce steam for heat and 
fluidize the pyrolysis reactor. The middle and heavy bio-oil stage fractions (SF1-4) are 
deoxygenated to stable oil in a two-stage hydrotreating process and further upgraded into 
gasoline and diesel range fuels. 
 
Figure 1. Block flow diagram of fast pyrolysis to gasoline and diesel production process 
Economic analysis 
We evaluate the economic performance of the pyrolysis-bioenergy-biochar platform by 
three main categories: capital cost, operating cost and minimum fuel selling price (MFSP). 
Capital cost is a one-time investment spent for all process equipment purchase and installation, 
including different reactors, condensers, heat exchangers and so on. The equipment purchase 
cost is based on Aspen Plus Economic Analyzer (APEA) estimates and public data. Expenses for 
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some special units are compared with previous TEA studies of fast pyrolysis technology.5,16,17,29 
We apply a scale up ratio to assess the purchasing cost of commercialized plant. The scale up 
ratios differ by unit types. Peters and Timmerhaus’s book provides recommended ratios for 
various kinds of equipment.30 The equipment installation cost is calculated by multiplying 
installation factors with the purchase cost.  
Operating costs represent expenditures to keep the process in operation on an annual 
basis. A discounted cash flow rate of return (DFROR) method is employed to calculate the cost 
and benefit break-even point price, which is called MFSP. MFSP is calculated as the fuel price 
required for the net present value (NPV) to equal zero under an internal rate of return (IRR) of 
10%. The equity is assumed as 40% and the remaining 60% debt is assumed to be loaned at an 
interest rate of 10% for 10 years. Contingency accounting for all unexpected events is assumed 
as 9.5% of the total purchase and installation equipment costs.  All costs are presented on a 
2011-year dollar basis. 
A few economic assumptions have been made in this study. First, we assume a common 
delivered feedstock cost for all 346 kinds of feedstock as $83/MT including logistics and 
feedstock cost. Feedstock costs vary from their types, plant & harvest method, market, locations, 
and other relevant regulations.31–33 Although the feedstock cost plays a significant role in the 
final product selling price, our data sources did not include matching delivery prices for the 
feedstock. Therefore, at this point, we chose a baseline feedstock cost based on Department of 
Energy cost targets.33 Second, we assume to process all biomass in the same facility under 
similar conditions without considering any process modifications. Optimal operating conditions 
might differ for different feedstock. However, optimizing the operation condition to decompose 
different feedstocks is not within the scope of this study. Future work could investigate and 
  
 
 
 
60 
compare biomass properties’ impact including consideration of process design modification for 
various feedstocks. According to a 2013 report by the International Biochar Initiative (IBI),34 
biochar retail price varies with biochar quality and market demand. In this study, biochar is 
assumed to be sold as $20/MT.  
Life cycle analysis 
Life cycle analysis is a widely-used methodology for evaluating the emissions to the 
environment through a product’s life. GREET (Greenhouse Gases, Regulated Emissions, and 
Energy Use in Transportation) developed by Argonne National Laboratory is employed to 
evaluate the GHG emissions for the pyrolysis-bioenergy-biochar platform. Li et al. 2016 gives a 
basic understanding of GHG emissions for a bio-oil stabilization process with gasoline and diesel 
production.35 The pyrolysis-bioenergy-biochar platform process is designed based on the bio-oil 
stabilization model. It is modeled based on four hierarchy groups: feedstock production, 
pyrolysis & stabilization & upgrading, H2 production and fuel transportation. Differing from the 
biochar combustion approach employed in the previous bio-oil stabilization study, this study 
sequesters biochar into the soil as a soil amendment. Merchant natural gas from shale gas and 
conventional recovery are combusted to heat and power the pyrolysis system. The functional unit 
is chosen as 1MJ of fuel produced to simplify comparison with other studies. A higher heating 
value (HHV) of pyrolysis fuel of 41.31 MJ/kg is chosen by the GREET software.36 GHG 
emissions from biofuels combustion are assumed to be compensated by biogenic CO2 absorbed 
via biomass photosynthesis.  
Primary GHG emission sources for this process are fertilizers and petroleum fuels used 
for feedstock production and collection, natural gas required for H2 production, natural gas 
required for heat and power production, petroleum fuels for transporting and distributing biochar 
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and biofuels. GHG emissions for biomass production differ for different types of biomass due to 
varying fertilization requirements, and planting and harvest methods. We chose one 
representative biomass with available production emission data to represent each category of 
feedstock since the feedstock production emission database is very limited. Table 2 summarizes 
the selected representative feedstock for each category of biomass from GREET and SimaPro 7, 
while Table 3 compiles the GHG emissions per kg input and their sources. Feedstock production 
emissions for forest residue, corn stover and switchgrass come from the GREET database. It is 
assumed that no fertilizer is required for forest residue production. Producing GHG emissions for 
feedstock that is not specifically grown as an energy crop might vary significantly within 
different allocation methods. Three based allocation methods include mass, energy, and 
economic basis are broadly discussed. Murphy et al. (2013) discussed details of the life cycle 
inventory of corn/stover production using different allocation methods. He concluded a corn 
grain to stover allocation ratio of 7:3 using an energy based allocation method and a ratio of 
8.5:1.5 when using an economic allocation method.37 Some studies separate corn stover 
harvesting from the corn production process. They only assigned a GHG emission for harvesting 
& transporting stover and supplementing fertilizers.37 In GREET, the GHG emission for corn 
stover production consists of supplemental rates of N, P, K fertilizer, diesel fuel for collection 
and transportation. The nutrient supplemental rates are calculated based on the nutrients 
contained in corn stover.  Switchgrass production emissions also derive from the required 
fertilizer, herbicides, diesel fuel for harvest and transportation.36 SimaPro 7 provides production 
emission data for Bagasse from sweet sorghum gathered at distilleries, and palm kernel. 
Allocation methods vary with the end use of bagasse from sweet sorghum. Mass allocation is 
preferred when bagasse is used for animal feed, while energy allocation is commonly used when 
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fuel or electricity is produced from bagasse.38–40 Palm kernel is one of the byproduct of crude 
palm oil and mass allocation is commonly used for partitioning the byproducts. Subramaniam et 
al. (2012) allocated the crude palm oil, palm kernel and palm shell by 61%, 25% and 14%.41 
Palm kernel production emissions from SimaPro are extremely high compared to other 
feedstocks.42 The main emission sources for palm kernel production are: fossil fuel for palm 
kernel transportation, electricity for kernel-crushing, N2O emission from fertilizer, biogas release 
from anaerobic digestion of palm oil mill effluent in pond and CO2 emission from peat decay.43,44 
Subramaniam et al. 2010 suggests that integrating kernel-crushing with the palm oil mill, 
capturing biogas and collecting palm fruit bunches from a plantation with 50-years cultivation 
history to avoid indirect land use change could minimize the GHG emissions.45 GHG emissions 
per unit of other main sources besides feedstock production are gathered from GREET. Natural 
gas for H2 production emits GHG emissions starting from natural gas production, transportation, 
steam reforming reactions, while natural gas combustion for heat and power consists of 
emissions from natural gas production, distribution and combustion. GHG emissions from fossil 
fuel come from transporting biofuel from integrated pyrolysis facility to the bulk terminal via 
barge, pipeline and rail, then finally distributing to refueling station via heavy-duty truck. 
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Table 2. Representative feedstock and their emission database source 
Feedstock type Representative Source 
Wood Forest Residue GREET 2015 
Straw Corn Stover GREET 2015 
Grass Switchgrass GREET 2015 
Organic Residue Bagasse (from Sweet Sorghum) SimaPro 7 
Husk Palm Kernel SimaPro 7 
 
Table 3. GHG emissions per kg input and their sources 
LCA Input 
GHG Emission 
Sources 
g CO2/kg input 
Forest Residue 45 GREET 2015 
Corn Stover 85 GREET 2015 
Switchgrass 140 GREET 2015 
Bagasse (Sweet Sorghum) 6 SimaPro 7 
Palm Kernel 1400 SimaPro 7 
NG for Heat Production 2944 GREET 2015 
NG for H2 Production 2790 GREET 2015 
Fuel Transportation 30 GREET 2015 
Biochar Sequestration -1492 GREET 2015 
 
Biochar sequestration might have multiple impacts on the soil. It has the potential to 
increase soil organic carbon (SOC), increase fertilization efficiency, increase net primary 
productivity, decrease soil bulk density, increase crop yields and so on. The impacts of biochar 
on soil vary with feedstock categories, soil types, weather conditions and they are still under 
investigation. These impacts from biochar sequestration could vary the GHG emission results. 
Nathan et al. (2014) indicates that crop yields increase due to biochar sequestration could earn an 
indirect land use change GHG credit by intensifying biomass production per hectare of land.46 
However, in this study, we only focus on the biochar impacts on the carbon sequestration 
without accounting the indirect land use change impacts. There are two parts of emissions related 
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to biochar sequestration: GHG emissions related to biochar transportation and GHG emission 
credits from biochar carbon sequestration. Emissions for transporting biochar for 40 miles to the 
soil are included.36 The fraction of carbon in biochar remained in the soil varies with biochar 
type and climate. As assessed by Roberts et al. 2010, 80% of carbon is assumed to stay in the soil 
over 100 years.47 We calculate GHG emissions for 346 biomass cases by combining product 
yields data from Aspen PlusTM to evaluate biomass properties impacts on the environment. 
Results & Discussions 
Process modeling results 
Percent error is calculated as the absolute difference between the experimental and 
prediction pyrolysis yields divided by the experimental yields. All calculated percent errors for 
different pyrolysis yields are under 10 %. We collected product yields after running the Aspen 
PlusTM model for these 346 kinds of feedstock cases. Figure 2 shows the impacts of ash content 
and O/C ratio of biomass on the biochar and biofuel yields. As shown in Figure 2A, higher ash 
content of biomass has the potential to increase biochar output for all investigated types of 
feedstock. Biochar output ranges from 12.5-15.5 wt. % of dry biomass. Figure 2A also shows 
that fuel output decreases with higher ash content of biomass. The annual biofuel output could 
decrease from 64 to 30 MM gallons for different ash content values. The impact of ash content of 
biomass on the fuel and char yields are consistent across a large number of experimental 
studies.21,24,48 It shows that high ash content of biomass leads to greater biochar formation and 
has a negative impact on the fuel yield. Ash content of biomass also has a significant impact on 
the bio-oil quality and could cause problems with process operation. However, these impacts 
were not investigated in this study. 
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The impacts of O/C ratio of biomass on the biofuel and char yields have also been 
investigated. Instead of grouping feedstocks by their categories, we grouped all different biomass 
into 6 groups with different ash content levels (ash 0-1%, ash 1-2%, ash 2-3%, ash 3-4%, ash 4-
5% and ash 5-8%) to isolate ash content impacts. As shown in Figure 2B, higher O/C ratio of 
biomass decreases biochar yield and increases biofuel yield within the same ash content level. 
Lower O/C ratio of biomass might be attributed to higher lignin content, which requires more 
serious conditions to decompose and trends to decrease biofuel yield. The impact trend for high 
ash content biomass (ash 5-8%) is more scattered both for char and fuel yields, compared to 
other ash content levels biomass (ash 0-5%). 
 
Figure 2. A. The impact of ash content of biomass on biochar and fuel output (Biomass are 
categorized into six feedstock types); B. The impact of O/C of six biomass ash content groups on 
biochar and fuel output 
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Economic results 
Total installed equipment cost for the pyrolysis-biochar-bioenergy platform is estimated 
as $277 million (MM), as shown in Figure 3(A). Pretreatment and pyrolysis take the biggest 
percentage of the total installed equipment cost due to expensive costs of a series of dryers and 
pyrolysis reactors. Hydrogen generation also plays an important role in total installed equipment 
cost. Capital cost for hydrogen generation process are scaled up based on SRI 2007 Yearbook 
and is comparable to Jones et al. 2013 study.49 The total fixed capital investment is assessed as 
$364 MM including direct costs and indirect costs accounting for engineering, construction, 
contractor fees and contingency.  
Operating costs vary with different feedstocks. We decide to calculate the average 
operating cost for each category of biomass. As shown in Figure 3(B), biomass cost is the major 
contributor to the total operating cost, taking 28%-34% of the total operating cost, followed by 
average return on investment and fixed cost. The average operating cost varies from $2.99/gal 
for woody biomass to $3.76/gal for straw biomass. 
We calculate the MFSPs for all 346 feedstocks based on the capital and operating costs 
shown above. Figure 4 shows how biomass properties affect MFSP. As we can see, higher ash 
content of biomass has the potential to increase MFSP, while higher O/C ratio of biomass has the 
potential to decrease MFSP within the same ash content level. MFSPs range from $2.3/gal to 
$4.8/gal for all 346 feedstocks. The impacts of biomass properties on MFSPs is most tightly 
connected with the biofuel yields even though there are other parameters impacts. With lower 
ash content and higher O/C ratio of biomass, higher biofuel yields are predicted, which leads to 
better economic performance. 
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Figure 3. (A) Total installed equipment costs of the pyrolysis-bioenergy-biochar platform; (B) 
Average operating cost distribution for five types of biomass 
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Figure 4. (A) The impact of ash content of biomass on minimum fuel-selling price (Biomass are 
categorized into six feedstock types); (B) The impact of O/C of six biomass ash content 
groups on minimum fuel-selling price 
Life cycle analysis results 
Figure 5 shows the correlation between ash content of biomass and GHG emissions. As 
shown in the left part of Figure 5A, there is a big difference between GHG emissions for 
husk/shell/pit type of biomass and the other four categories of biomass.  Husk/shell/pit emissions 
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are greater than 120 g CO2,eq/MJ versus less than 20 for other biomass. This difference is due to 
the high contribution of indirect land use change from food production. We include the GHG 
emissions results for the other four types of feedstock separately to highlight their trends.  
As shown in the right part of Figure 5A, higher ash content has the potential to decrease 
the total GHG emissions for the other four types of biomass while higher ash content has the 
potential to increase the total GHG emissions for husk/shell/pit type of biomass. Higher ash 
content leads to lower biofuel yield and emissions per unit of fuel, but it also leads to greater 
carbon sequestration credits. This tradeoff manifests differently for husk/shell/pit and the other 
types of biomass. For husk/shell/pit the increase in biochar sequestration does not compensate 
for the reduction in biofuel yields due to higher ash content. However, other types of biomass 
benefit from the increase in biochar sequestration credits.  
The impacts of O/C ratio of biomass on the GHG emissions are shown as B, C in Figure 
5. The impact of O/C ratio of biomass on the GHG emissions is not as consistent as the ash 
content impact. In Figure 5B, GHG emissions for husk/shell/pit type of biomass are relatively 
scattered, which might be due to the significant impact of biomass ash content. Higher O/C ratio 
of biomass has the potential to increase GHG emissions for woody biomass. The GHG emissions 
for straw, grass and organic residue types of biomass are more disperse. A wide range of selected 
ash content of biomass might be responsible for these scattered results. Figure 5C presents a 
more direct impact of biomass O/C ratio on the GHG emissions since feedstock are grouped by 
their ash content level. We can see that higher O/C ratio of biomass has the potential to increase 
GHG emissions for biomass with relatively lower ash content (ash 0-1% and 1-2%). However, 
for higher ash content of biomass, the impacts of O/C ratio on GHG emissions are not obvious. 
The reasons for the unclear impact trend might be more GHG credits are generated due to a 
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larger amount of biochar production for high ash content of biomass, which might counter-
balance the impact of increasing biofuel yields with rising biomass O/C ratios. A few high ash 
content feedstock scenarios produce negative GHG emissions, it mainly results from a 
significant amount of GHG credits from extremely high biochar yields. 
We randomly chose a set of GHG results for five types of feedstock to investigate how 
GHG emission distributes, as shown in Figure 6. Comparing the GHG emissions for petroleum 
fuels, which is presented as the red dash line as 93g/CO2e/MJ fuel produced, GHG emissions 
reduction for four kinds of biomass could reach from 85% to 98%. GHG emission reductions for 
woody, straw, grass and organic residue type of biomass investigated in this study match the 
renewable fuel standard (RFS) GHG emission reduction requirement for advanced fuels, which 
is 50%.50 GHG emissions are mainly from five categories: feedstock production, natural gas for 
heat production, natural gas for H2 production, fuel transportation and biochar sequestration. 
Feedstock production emission vary with different types of feedstock. The total GHG emissions 
for husk/shell/pit type biomass is extremely high due to high feedstock production emission for 
palm kernel. Natural gas for heat production is also one of the main sources of GHG emissions. 
Natural gas for H2 production and transportation fuels play a less important role in contribution 
of the total GHG emission since only a small amount of natural gas and petroleum fuel are 
consumed in the whole process. GHG credits from biochar sequestration vary with biochar yields 
and could significantly reduce the total GHG emissions even close to zero, for example, as 
shown in the Figure 6, the final total GHG emission could be reduced to 1.1 CO2e/MJ fuel 
produced for organic residue. 
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Figure 5. The impact of ash content and O/C ratio of biomass on GHG emissions (Biomass are 
categorized into five feedstock types in A & B and biomass are categorized into six ash content 
groups in C) 
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Figure 6. GHG distribution for five types of feedstock (The representative feedstock of each 
category is randomly chosen by Mathematica) 
Conclusions 
This study shows ash content and O/C ratio of biomass have adverse impacts on 
economics and environments. Therefore, there is a trade-off between economic and 
environmental benefits when choosing a specific feedstock to use. We also conclude that 
pyrolysis-biochar-bioenergy platform is very promising to produce carbon negative energy. If we 
could produce heat and H2 more efficiently, or decrease the natural gas consumption, such as 
reducing heat requirement by replacing conventional pyrolysis with auto-thermal pyrolysis, we 
could reduce the GHG emissions and thereby produce carbon-negative energy. More efficient 
feedstock plantation and collection, could also move this platform to carbon negative. 
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 CHAPTER 4 COMPARATIVE TECHNO-ECONOMIC, UNCERTAINTY AND LIFE CYCLE 
ANALYSIS OF BIOMASS SOLVENT LIQUEFACTION AND SUGAR FERMENTATION 
TO ETHANOL 
(Modified from a paper submitted in ACS Sustainable Chemistry & Engineering 
Wenqin Li, Arpa Ghosh, Denis Bbosa, Robert Brown, and Mark Mba Wright. 
This is a collaborative work, experimental work has been done by Arpa Ghosh) 
 
Abstract  
This study compares the use of three low boiling points polar aprotic solvents 
tetrahydrofuran (THF), acetone and 1,4-dioxane for extracting biomass sugars in ethanol 
biorefineries. The techno-economic analysis employs experimental data to build a chemical 
process model and estimate capital and operating costs of a commercial-scale biorefinery. The 
biomass solvent liquefaction in a 2000 metric tonne per day sugar fermentation biorefinery 
yields ethanol at minimum fuel-selling prices (MFSP) of $2.91 to $4.16 per gallon. THF 
achieves the lowest MFSP. Uncertainty analysis indicates that feedstock price, solvent to 
biomass ratio, glucose yields, and capital costs are the primary drivers of the ethanol MFSP. 
MFSP 10% to 90% percentile for THF-based ethanol are estimated to be $2.24 and $3.13 per 
gallon. Life cycle analysis reported a 9% GHG emissions reduction for the THF-based ethanol 
pathway, compared with the petroleum gasoline emissions. With a lower solvent to biomass ratio 
suggested by previous studies, our process could achieve an optimized GHG emissions reduction 
up to 44%. Further optimization of the process could lead to significant reductions in ethanol 
costs, commercialization risks and GHG emissions. 
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 Introduction 
Global biofuel production has grown in recent years driven by concerns over climate 
impacts and energy security. The International Energy Agency estimates that global biofuel 
production will grow by over 16% between 2016 and 2022.1 Bioethanol is a one of the primary 
biofuel that serves as additive for gasoline and an octane enhancer. First generation of ethanol 
production is successfully commercialized using starch-based on feedstock.2 There is also 
increasing interest in converting lignocellulosic biomass to ethanol due to its low environmental 
impacts3, great resource availability4, competitive feedstock price with oil of 20 $/barrel5, and 
non-competitive with food chain.6  
Researches and studies have focused on high yields fermentable sugar extraction from 
lignocellulosic biomass. Enzymatic hydrolysis with biomass pretreatment is a common process 
to depolymerize polysaccharides into fermentable sugar.7 However, there are several 
commercialization barriers such as slow reaction rates, costly enzyme production and production 
of fermentation inhibitors.8 In contrast, thermochemical conversion process such as pyrolysis, 
could rapidly decompose biomass polysaccharides for anhydrosugars. Their drawbacks are 
relatively high reaction temperature and sugar degradation reactions occur during quenching.9  
Solvent liquefaction has been investigated as another thermochemical conversion process 
to produce cellulosic sugars. Compared to pyrolysis, it requires relatively modest reaction 
temperature and could minimize secondary reactions since the products are solubilized in the 
solvents.8 Solvent liquefaction occurs at a faster rate than enzymatic hydrolysis, it only takes 
seconds with the appropriate solvents.9 Several studies have suggested polar aprotic solvents can 
improve the liquefaction performance with higher reaction rates and more desirable products 
distribution.8,10,11  
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Recent work by Luterbacher et al. 201411 demonstrated the recovery of biomass sugars 
using hydrolysis with -valerolactone (GVL) and water as solvent with dilute sulfuric acid 
catalyst. GVL could be extracted from biomass and is currently affordable compared to enzymes. 
These extracted sugars can be fermented to produce ethanol. Process synthesis and economic 
analysis for this GVL-based biofuel production have been investigated by Han et al. 201512  
Han’s techno-economic analysis study concluded that effective separation subsystems and 
efficient heat integration are essential to make this GVL-based sugar extraction process 
economically competitive.12 
Polar aprotic solvents such as GVL are commonly employed in previous solvent 
liquefaction studies. However, the high boiling points solvents might cause difficulties to 
recover. Ghosh et al. 2016 compared the production of solubilized carbohydrates from cellulose 
using several low boiling point polar aprotic solvents under supercritical conditions, such as 1,4-
dioxane, tetrahydrofuran and acetone etc.13 They achieved carbohydrate yields of up to 94% with 
levoglucosan yields of 34% to 41% on a non-catalytic solvent processing basis. Ghosh et al. 
2018 has continued to explore the effectiveness to decompose cellulose with the same low 
boiling points solvents as the previous 2016 study, but with a small amount of acid catalyst.8 
This work demonstrated that comparable sugar yields could be achieved using low boiling points 
polar aprotic solvents as high boiling point solvents such as GVL.8 
Commercialization of solvent liquefaction technologies for biofuel production will 
depend on identifying economic feasibility, risks and process configurations. Based on Ghosh’s 
experimental data8,13,14, this study has developed a full chemical process model to pretreat 
lignocellulosic biomass with solvent & acids, decompose the pretreated biomass into fermentable 
sugars via solvent liquefaction and ferment the sugars to produce ethanol. The purpose of this 
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study is to compare economic performance, uncertainties and sustainability for ethanol 
production from lignocellulosic biomass using three different low boiling points polar aprotic 
solvents including tetrahydrofuran (THF), acetone and 1,4-dioxane, to identify key techno-
economic, GHG emission drivers, and minimize the financial risks for process development and 
commercialization. 
 Methodology 
Chemical Process Design 
The process flow diagram for biomass solvent liquefaction and sugar fermentation to 
ethanol is shown in Figure 1. It presents the key units, the temperature, pressure and major 
compositions of the important streams. This process is developed based on the experimental 
work done by Bioeconomy Institute in Iowa State University14, and is designed in Aspen PlusTM 
to a 2000 MT per day scale-up biorefinery.  
Red oak with a major composition of 40% glucan, 16% xylan and 23% lignin is initially 
mixed with 2 wt. % H2SO4 based on initial biomass weight and a mixture of 80 vol% solvent and 
20 vol% water in the pretreatment section as suggested by the experimental work.14 The 
pretreatment solvent to biomass mass ratio is 20. The pretreatment reactor operates at a 
temperature of 120 °C. Most of the hemicellulose is converted to C5 sugars and are solubilized 
with the solvent mixture and lignin. A subsequent separation system is employed to flash three 
phases’ products: 99.93% of the solvent as vapor phase, xylose-rich liquid sugar stream, and 
solids lignin. The lignin is combusted in the boiler for heat and power, while the solvent is 
recycled for reuse. The insoluble pulp slurry mainly composed of cellulose, remaining 
hemicellulose and a small portion of lignin, are fed into the solvent liquefaction system along 
with a solvent mixture (80 vol% solvent and 20 vol% water) at a 36 solvent to solids mass ratio 
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and with 1 wt. % sulfuric acid catalyst based on pretreated biomass weight. The liquefaction 
reactor operates at a temperature of 220°C, and Aspen PlusTM determines the pressure in order to 
keep the solvent as solubilized. In the liquefaction reactor, the cellulose-rich pulp slurry is 
mainly deconstructed into C6 sugars and less than 9 wt. % of sugar degradation products 
including 5-HMF and furfural. The product yields follow the experimental data and are scaled up 
for a 2000 MT/d facility.   
The C5 and C6 sugar-rich stream mix together and undergo hydrolysis to convert the 
remaining anhydrosugars to hydrosugars, which are more accessible to the fermentation process. 
A liquid-solid separator is employed to filter out the solid residue that remained in the sugars and 
send them to the boilers to generate heat. A recovery system consisting of a series of flash 
separators and distillation towers is designed to recover and recycle the solvent, as well as 
separating the sugar degradation products from the sugar streams since high concentration of the 
sugar degradation products may have inhibition effects on the fermentation organisms. 95% of 
the sugar degradation products are separated from the sugar stream with solvents through the 
first step flash separator. 99.93% of the solvents are subsequently recovered and recycled via the 
distillation towers, while the furanics-rich stream is sent to wastewater treatment. The potential 
impacts for sugar degradation due to separation and concentrations is not modeled in Aspen 
PlusTM due to no available kinetics. 
A neutralization process is designed to increase the pH of the sugar stream to form a 
favorable environment for fermentation. Different chemicals have been used to increase the pH 
in previous studies.7,15,16 This study employs lime to minimize costs. Lime reacts with H2SO4 and 
forms gypsum, which are separated out as a solid cake. Humbird et al. 201115 has reported a 
potential sugar loss during the gypsum separation process. However, this study did not include 
  
 
 
 
82 
the probable sugar loss discussion, similar as Han et al. 2015.12The fermentation and wastewater 
treatment (WWT) process is designed based on Humbird et al. 2011.15 The C5 and C6 sugars are 
co-fermented using a recombinant co-fermenting bacterium Zymomonas Mobilis. The Z. mobilis 
bacterium is produced via reactions of corn steep liquor (CSL), diammonium phosphate (DAP) 
and 0.4% of the sugars. The fermentation process takes place at 32 °C with a residence time of 
36 hours. Glucose and xylose are fermented to ethanol at a conversion efficiency of 95% and 
85% respectively. Ethanol is recovered at 92% purity after distillation columns and is further 
dehydrated to 99.5% through vapor-phase molecular sieve adsorption. The water wastes from 
ethanol recovery and neutralization are sent to the WWT process for cleanup. The WWT system 
mainly includes anaerobic digestion to produce biogas from organic components in the waste 
stream and aerobic digestion to further clean water. Treated water is recycled to the pretreatment 
and solvent liquefaction units to minimize water usage. A large amount of energy is required for 
pretreatment, liquefaction and solvent recovery process. In order to satisfy the energy 
requirements, we combusted the lignin, solid residues and WWT biogas, as well as combusting 
extra imported natural gas. We use Aspen PlusTM Energy Analyzer to conduct heat exchanger 
network to achieve a more efficient energy recovery and integration. The heat requirements 
could be significantly reduced by 78% with heat integration.  
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Figure 1. Process flow diagram of THF solvent liquefaction for ethanol production 
This study compares three different solvents using common operating conditions: THF, 
acetone, and 1,4-dioxane. Table 1 below summarized the operation conditions for pretreatment 
and solvent liquefaction and compared conditions with similar studies of lignocellulose 
biochemical conversion to ethanol process. Specifically, we compare to work of Han et al. 
201512, Kazi et al. 201017, and Humbird et al. 201115. The pretreatment and liquefaction 
operation conditions for THF, acetone, and 1,4-dioxane scenarios are from laboratory-scale 
experiments done by Bioeconomy Institute.14 The sugar yields for THF, acetone, and 1,4-
dioxane are 50%, 33% and 38% on a dry biomass basis, while the solids yields are reported as 
15%, 9% and 28% respectively.14  
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Table 1. Comparing operation conditions of non-enzymatic ethanol production with enzymatic 
ethanol production processes 
  
Ethanol Production with Solvent 
Ethanol Production 
with Enzyme 
THF Acetone 
1,4-
Dioxane 
Han et al. 
2015 
Kazi et 
al. 2010 
Humbird et 
al. 2011 
Solvent to biomass mass 
ratio 
20 14 N/A N/A 
Pretreatment temperature 120 °C 117 °C 190 °C 158 °C 
Pretreatment residence time  0.5-1 h 1 h 2 mins 5 mins 
Liquefaction/Hydrolysis 
temperature 
220 °C 157 °C 32 °C 48 °C 
Liquefaction/Hydrolysis 
residence time 
2 mins 0.5 h 5 days 3.5 days 
 
Techno-economic analysis 
The techno-economic analysis assessed a 2000 dry metric tonne per day (MTPD) 
biorefinery that converts red oak into ethanol as the main product. Furanic components could be a 
byproduct, but since it was too dilute to be recovered economically, we just recover the furanic 
stream as a waste stream in this study. Baseline assumptions are based on the National Renewable 
Energy Laboratory (NREL) report.15 The facility operates 8410 hours per year.  
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Aspen PlusTM 10 was employed to build the process model and to acquire the energy and 
material balance of ethanol production. The process model is a modified version of the NREL 
design.15 We incorporated the pretreatment and solvent liquefaction processes based on the 
fermentation model. Operating conditions and energy and material balances were used to size the 
process equipment. Purchase costs for common equipment are estimated using Aspen Process 
Economic Analyzer (APEA)  whereas custom engineered equipment purchase costs are obtained 
using data available to the public by scaling up quotes from public sources such as NREL reports.15 
All cost adjustments are based on the power law of economies of scale using custom scale factors. 
Total Purchased Equipment Cost (TPEC), Fixed Capital Investment (FCI), and Total Project 
Investment (TPI) are estimated as shown in Table 2 using Peters and Timmerhaus factors.18 We 
employed equipment-specific installation factors gathered from APEA and NREL reports.15 Cost 
for warehouse (4% of Inside Battery Limits (ISBL)), construction (9% ISBL), and legal and 
contractors fee (5% ISBL) are estimated followed by total indirect cost as a 60% of the sum of 
TIC, warehouse, construction, and legal and contractors fee costs. The total direct and indirect cost 
was estimated as a sum of different parameters shown in Table 2, and working capital (WC) is 5% 
of FCI. Land cost was estimated as a product of acres and the price per acre. Finally, the total 
capital investment was estimated as a sum of FCI, WC, and land costs. A modified discounted 
cash flow rate of return (DCFROR) spreadsheet was used to compute the minimum fuel selling 
prices (MFSP) while considering a 30-year biorefinery lifetime, 8% loan interest, and a 10-year 
loan payback period. We chose a cost year of 2007 as the basis year to aid in comparisons with the 
ethanol production from enzymatic hydrolysis study by Humbird et al. 2011.15 We adjust the 
capital cost to 2007 basis year using the Chemical Engineering Plant Cost Index(CEPCI).19 The 
economic assumptions are listed in Table 2, Table 3 and Table 4.  
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The raw materials mainly include red oak, make-up solvents, sulfuric acid, natural gas, 
corn steep liquor, diammonium phosphate (DAP), sorbitol, process water and other boiler 
chemicals. These are used as a basis to estimate the annual variable operating costs together with 
utilities, and waste disposal as shown in Table 4. Several studies have investigated the delivered 
woody biomass price. Idaho National Laboratory has demonstrated a $55/dry ton for woody 
biomass delivered to fast pyrolysis conversion facility.20 Dutta et al. 2012 employed woody 
biomass price of $61.57/dry ton delivered to ethanol production facility.21 National Academy of 
sciences has reported a wood price range of $50-88/dry ton.22 In this study, we adjusted the 
feedstock price to $55/dry ton to keep the feedstock cost comparable with the Humbird et al. 
201115, to eliminate the feedstock cost gap impacts on the minimum fuel selling price. The annual 
fixed operating cost of labor, overhead, maintenance, plus insurance and taxes are estimated as 
indicated in Table 2. The labor cost was computed based on employee number and salary rates 
gathered by NREL.15 The red oak price of $61/MT was chosen for the base case. The prices for 
water, waste disposal, corn steep liquor, diammonium phosphate, sorbitol and sulfuric acid were 
obtained from the Humbird et al. 201115 whereas prices of three polar aprotic solvents were 
gathered as averages from Alibaba.23 Natural gas price is chosen as the average of year 2013 and 
is adjusted to the basis year.24 The materials costs are adjusted to the basis year based on the 
Industrial Inorganic Chemical Index from SRI Consulting, while the labor costs are calculated with 
the labor indices from the United States Department of Labor Bureau of Labor Statistics.25,26 The 
adjustment calculation to the basis year is: Base year cost = Current cost ∗
(
Base year cost index
Current year cost index
). 
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Table 2. Factors used in computing the total project investment 
Parameter Assumption 
Purchased equipment installation 39% of Total purchased equipment cost  
Warehouse  4% of Inside battery limits 
Construction 9% of Inside battery limits  
Legal and contractor’s fees  5% of Inside battery limits 
Total direct cost  
(Total installed cost + Warehouse + Construction + Legal 
and contractor’s fees) 
Total indirect cost  60% of Total direct cost  
Fixed capital investment  Total direct cost + Total indirect cost 
Working capital  5% of Fixed capital investment 
Land  Acres x Price/acre 
Total capital investment (with land) Fixed capital investment + Working capital + Land 
Overhead 90% of Total salaries 
Maintenance 3% of Inside battery limits 
Insurance and taxes 0.7% of Fixed capital investment 
 
 
Table 3. Discounted cash flow economic value assumptions 
Parameter Assumption 
Cost year for analysis 2007 
Biorefinery life 30 years 
Internal rate of return 10% 
Equity 40% 
Loan interest 8% 
Income tax rate 35% 
Construction money spent in year one 32% 
Construction money spent in year two 60% 
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Table 3 (continued)  
Construction money spent in year three 8% 
Biorefinery salvage value 0 
 
Table 4. Material and energy prices (in 2007-year basis) 
Parameter Price units 
Red Oak20 61 $/MT 
THF23 1350 $/MT 
Acetone23 1000 $/MT 
1,4-Dioxane23 790 $/MT 
H2SO4
15 88 $/MT 
NG24 145 $/MT 
Water15 0.22 $/MT 
Corn Steep Liquor15 0.03  $/lb 
DAP15 0.45  $/lb 
Sorbitol15 0.51  $/lb 
Waste Disposal15 0.02 $/MT 
 
Uncertainty analysis 
Uncertainty analysis is employed to address the variability in operating conditions and 
performance, material and energy prices, and key model techno-economic factors. The 
uncertainty analysis procedure is similar to that described in previous work 27–29. It involves 
gathering sample data, fitting to best-fit distributions, generating 10,000 samples for Monte 
Carlo analysis, and calculating the related MFSPs for the 10,000 samples. Table 5 summarizes 
the distribution, mean value, and 10%, 90% percentile for each parameter considered in the 
uncertainty analysis. 
We gathered uncertainty sample data from several sources. The solvent to biomass mass 
ratio mean and upper/lower limits are based on laboratory data and public literature for solvent 
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liquefaction.[6,9,18–20] Sugar to ethanol conversion ranges are based on NREL’s report.7,15 
Glucose and xylose yield ranges for the various solvents are based on 20% variations of the 
experimental data.14 Probability distributions for these factors are represented as triangular 
distributions due to the lack of large sampling datasets for fitting appropriate distributions.  
Feedstock price uncertainty is determined using data gathered by the Texas Forestry 
Service33, and shifted to achieve a mean value of $61/MT. Natural gas price uncertainty is based 
on historical market data.24 Best-fit probability distributions for these commodities were 
determined using the Anderson-Darling test to compare multiple distributions including normal, 
gamma, beta, and lognormal distributions.34 
The remaining uncertainty parameters employ triangular distributions with the mean 
value being the same as the base case, and the minimum and maximum values determined from 
the ranges reported by NREL in sensitivity analysis and other literature resources.15,23  
There are differences in the mean values of several parameters and the base case 
assumptions. Natural gas prices, for example, have historical means that are different from the 
standard assumption employed in NREL reports.15 The mean value for the solvent to biomass 
ratio of 14 is significantly different from the laboratory value of 20 employed in the base cases. 
The former value was chosen because it is closer to an industrial value as reported in similar 
solvent liquefaction studies. 
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Table 5. Probability density function, mean and ±10% levels of key parameters for solvent 
liquefaction process
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Life Cycle Analysis 
A life cycle analysis model is developed to quantify the greenhouse gas (GHG) emissions 
of the ethanol production process from forest residue. GREETTM software developed by Argonne 
National Laboratory is employed to assess the “well to wheel” GHG emissions.35 The system 
boundary of the life cycle model starts from forest residue collection to ethanol blending with 
gasoline as transportation fuel. The life cycle model is developed based on the mass and energy 
balances from the process model including three main processes: forest residue production & 
transportation, ethanol production via solvent liquefaction & fermentation, and ethanol 
distribution. The functional unit is chosen as 1 MJ of ethanol (E100) produced. The energy 
efficiencies are assumed to be the same for gasoline and ethanol combustion when comparing the 
GHG emissions results under a common functional unit of MJ of fuel produced.36 GHG 
emissions from ethanol combustion are assumed to be compensated by biogenic CO2 absorbed 
via biomass photosynthesis. 
The GHG emission for forest residue production comes from the GREET model. 
Fertilizer and agrochemicals are not consumed for the forest residue production.37 GHG 
emissions related to the forest residue production are allocated based on the mass fractions of the 
total forest products. Forest residue is assumed to be transported from the forest field to the 
ethanol biorefinery by 90 miles via heavy-duty trucks.37 GHG emission inventory data for THF 
comes from ETHOS Research. They gathered the carbon footprint data for THF from the 
CCaLC V3.0 and Ecoinvent V2.2 databases.38 The GHG emissions for solvents consist of 
emissions from reagents and fossil fuels used for solvent production and transportation 
processes. We are only assessing GHG emissions for the THF scenario since our experimental 
data was only optimized for the THF scenario. GHG emissions for other chemicals including 
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H2SO4, corn steep liquor, DAP, sorbitol, and lime are gathered from the GREET database.
35 
Ethanol is first transported to a bulk terminal via barge, pipeline, rail and heavy-duty truck, and 
is then distributed to refueling stations via heavy-duty truck.39  
Results 
Techno-economic Analysis 
Table 6 summarizes the key results from this study. Based on the sugar yields generated 
from experimental work14, each of the solvent achieves different ethanol output rates. Ethanol 
output rates varied between 34.8 and 53.3 million gallons per year (MMGPY) for this study. 
These are comparable to the literature values of 50.6 to 61.0 MMGPY.7,12,15 The low ethanol 
yields for acetone and 1,4-dioxane could be improved by further experimental optimization. 
 The total equipment cost estimated by this study is $221.8 million, which is comparable 
to the literature range of $164.1-$232.2 million. We assumed the same base case equipment cost 
for each solvent case, which is reasonable within the engineering tolerance and uncertainty range 
of the analysis. Compared to the enzymatic hydrolysis study Humbird et al. 201115, our solvent 
liquefaction process has a relatively lower equipment cost, mainly due to the lack of an enzyme 
production process and a smaller power generation system. Changes to the solvent to biomass 
ratio would significantly impact the pretreatment and liquefaction reactor costs. We could 
decrease the total equipment cost by 17% with a lower solvent to biomass ratio as suggested by a 
previous study.11  
 Operating costs varied between $94.4 and $102.4 million driven primarily by costs 
associated with solvent recovery, mainly referring to different solvents prices and various natural 
gas required for solvent recovery. While each solvent would require different recovery strategies, 
in this study, we employed a common strategy and estimated the thermal energy requirements to 
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recover the solvents. Operating costs for other studies range from $83.9 to $129.7 million, the 
major reasons accounting for the variance are different feedstock prices and other chemical 
related costs. Compared with the enzymatic hydrolysis process studied by Humbird et al. 201115, 
our solvent and natural gas costs used to recover the solvents lead to the major operating costs 
differences.  
 Finally, the ethanol minimum fuel-selling price (MFSP) varied between $2.91 and $4.16 
per gallon which is similar to reported values of $2.15-$3.40 per gallon. The differences among 
MFSPs from the various studies shown below are mainly due to diverse feedstock prices, and 
capital and operating costs. The high costs for our solvent liquefaction scenarios are driven by 
suboptimal solvent conversion performance and high solvent to biomass ratios that could be 
improved with further process development.  
Table 6. Summary of techno-economic analysis results 
  
Ethanol Production with Solvent Ethanol Production 
with Enzyme 
THF Acetone 
1,4-
Dioxane 
Han et al. 
2015 
Kazi et 
al. 2010 
Humbird et 
al. 2011 
Ethanol yields 
(MMGPY) 
53.3 34.8 39.4 50.6 53.4 61.0 
Feedstock price ($/MT) 61 83 83 64 
Equipment cost (MM$) 221.8 225.8 164.1 232.2 
Operating cost (MM$) 100.9 102.4 94.4 83.9 129.7 76.0 
MFSP ($/gal) 2.91 4.16 3.55 3.33 3.40 2.15 
 
The installed equipment cost breakdown for the THF solvent liquefaction scenario is 
shown in Figure 2. Pretreatment and liquefaction are the largest contributors to the total cost, 
accounting for 31.7%, followed by the boilers and WWT, 24.2% and 22.1% respectively. The 
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pretreatment reactor is expensive due to the large solvent mixture usage, as well as the relatively 
long residence time.16 The total fixed capital cost is estimated at $385.9 million, consisting of 
58% installed equipment costs, 38% of indirect costs, and 4% of other warehouse, construction 
costs. 
 
 
Figure 2. Total installed equipment costs of THF solvent liquefaction for ethanol production 
The ethanol MFSP is estimated at $2.91 per gallon for THF as shown in Figure 3. 
Feedstock is the primary contributor to the MFSP, estimated as $0.84/gal, followed by THF and 
return on investment, accounting for 19% and 18% of the total MFSP. Even though we have 
assumed a recovery rate of the solvent of 99.93%, the solvent cost still accounts for a significant 
portion of the expenses due to the solvent to biomass mass ratio and its purchase price. 
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Figure 3. Break-down minimum fuel selling price of THF solvent liquefaction for ethanol 
production 
Uncertainty analysis 
The uncertainty analysis results are characterized as error bars in Figure 4, probability 
and cumulative density plots shown in Figure 5, and parameter uncertainty impact analysis plots 
shown in Figure 6.  
In Figure 4, the black font points represent the MFSPs of ethanol produced from our 
solvent liquefaction using three different solvents, while the yellow font points show literature-
based MFSPs for ethanol produced via other processes. As shown in Figure 4, THF achieves a 
MFSP of $2.68 per gallon, a lower mean estimate than the other two solvent cases. The error 
bars for the various solvents describe the standard error for 10,000 calculated MFSPs. THF, 
Acetone, and 1,4-Dioxane achieve comparable MFSP estimates as other literature values when 
the MFSP uncertainty ranges are considered. MFSPs is very sensitive to the solvent to biomass 
ratio. Our solvent to biomass ratio is relatively high since our experimental data came from batch 
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mini-reactor.14 Luterbacher et al. 201411 has suggested a lower solvent to biomass ratio of 14 on 
a larger packed-bed flow-through scale experimental analysis. Therefore, we added one more 
“optimized case” assuming our current sugar yields could be achieved with lower solvent to 
biomass ratio of 14 in a large scale reactor. the THF solvent to biomass ratio can be reduced 
from 20 to 14, its MFSP estimate would be reduced to $2.43 per gallon, which is noted as “THF 
optimized” in red. The lower ratio is based on suggestions by Han et al. 2015.12 However, the 
MFSPs for all three solvents scenarios are higher than the MFSP from ethanol produced from 
enzymatic hydrolysis in Humbird et al. 2011.15  
 
Figure 4. MFSPs with error bars for ethanol produced via solvent liquefaction using three 
different solvents and compared with other ethanol production processes 
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The probability plots include optimized and base case MFSP estimates for each solvent. 
The optimized MFSP values are based on solvent to biomass ratios of 14 instead of the 20 
employed in the laboratory experiments. The dark shaded regions bound the 10% to 90% 
percentile estimates for the MFSP gathered from the Monte Carlo simulations. 80% of the 
MFSPs for the THF solvent case fall between $2.24/gal to $3.13/gal, while the 80% MFSPs 
intervals for the other two solvents moves to a higher range values. Percentile of 80% of the 
MFSPs for the acetone and 1,4-dioxane solvent case fall between $3.5/gal and $4.2/gal, and 
$3.1/gal and $3.9/gal respectively. The differences are mainly due to lower sugar yields. 
As shown in Figure 6, The parameter uncertainty analysis describes the sensitivity of the 
MFSP uncertainty to the uncertainty of each parameter. The figures show horizontal boxplots 
describing the minimum and maximum MFSP values estimated from the respective parameter 
range. The inner box describes the 25% to 75% MFSP percentile range for each parameter. For 
example, maximum variations in the feedstock price result in acetone MFSP estimates of about 
$3.47 and $5.08 per gallon. This result is identical to ones obtained from sensitivity analysis. 
However, the 25% to 75% MFSP percentile ranges only between $3.97 and $4.25 per gallon 
suggesting that feedstock price may have a smaller impact on the ethanol MFSP. In the acetone 
case, the solvent to biomass ratio has a smaller maximum range impact, but wider impact based 
on the 25%/75% MFSP percentile.  
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Figure 5. Comparing minimum fuel-selling price (MFSP) probability and cumulative density 
functions for ethanol production using three different solvents 
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Figure 6. Uncertainty analysis results for ethanol production with three different solvents 
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Life Cycle Analysis 
There are several studies that have discussed the GHG emissions for ethanol produced 
from various technologies and different feedstocks. When compared with GHG emissions for 
gasoline, previous studies have reported a GHG emission reduction range of 63% to 118%.40–46 
GHG emissions of ethanol vary significantly by their production technologies and their feedstock 
types. Tao et al. 201447 reported a GHG emission reduction of 41% (without electricity 
displacement) and 61% (with electricity displacement), based on the Humbird et al. 201115 
process of ethanol production from acid pretreatment and enzymatic hydrolysis of corn stover. In 
Figure 7, the left column-THF calculates the well to wheel GHG emissions for ethanol 
production from solvent liquefaction and fermentation of forest residue using THF solvent, 
estimated as 84.36 g CO2e/MJ ethanol produced. Natural gas mainly used for solvent recovery is 
the major GHG emission contributor, accounting for 54% of the total emissions. Solvent related 
GHG emissions also play a significant role in the total GHG emissions, occupying 30% for THF 
scenario.  
The total GHG emission reduction compared to petroleum gasoline (2005 basis) is 9% 
for THF scenario when using our scaled-up lab-experimental mass and energy balance data. It 
could be improved with process optimizations, such as reducing the solvent to biomass ratio, and 
improving the heat recovery efficiency. We calculated the GHG emissions using a lower solvent 
to biomass ratio for a larger scale equipment as suggested by Han et al. 201512, the total GHG 
emissions reduction could reach up to 44% for THF optimized case, which meets the GHG 
reduction requirements for renewable fuels. Wu et al. 2007 has reported 500g/lb lower GHG 
emissions if the acetone is from renewable sources since a renewable carbon credit could be 
allocated to bio-acetone for the carbon absorbed during the growth of corn.48 Therefore, 
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replacing the current petroleum-based solvents with solvents from renewable resources could be 
another potential way to reduce the total GHG emissions for our solvent liquefaction process. 
Figure 8 shows the importance of influences of different key parameters on the GHG emissions 
for THF solvent scenario. We use the mean, 10% and 90% percentile of the selected key 
parameters in Table 5 as the mean, low and high limits and calculated the related GHG 
emissions. The results indicate that the solvent to biomass mass ratio is the most sensitive 
parameter to the total GHG emissions, followed by the natural gas consumption, sugar yields and 
sugar to ethanol conversion efficiency.   
 
Figure 7. WTW GHG emissions for ethanol production via solvent liquefaction using THF 
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Figure 8. Sensitivity analysis of WTW GHG emissions for ethanol production via solvent 
liquefaction using THF 
Conclusions 
This study compares the techno-economic, uncertainty performance and sustainability of 
tetrahydrofuran (THF), acetone, and 1,4-dioxane for biomass solvent liquefaction and sugar 
fermentation to produce ethanol. Solvent liquefaction experimental data was introduced into the 
chemical process design of a commercial-scale ethanol biorefinery. Capital and operating costs 
are estimated, and uncertainty ranges quantified using laboratory and literature data. GHG 
emissions for THF are calculated to access the sustainability of the solvent liquefaction and sugar 
fermentation to produce ethanol process. Results are compared to estimates from related 
technologies for lignocellulosic ethanol production. 
 The MFSP estimates from this study indicate that solvent liquefaction with optimization 
is promising compare to other enzymatic approaches to sugar extraction from lignocellulosic 
biomass. Future technology development and optimization are necessary to further improve the 
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economic performance. Ethanol MFSP estimates reported by various studies fall within the 
uncertainty ranges of all solvents. 
 Uncertainty analysis identified solvent to biomass ratio, feedstock price, glucose yields 
and capital costs as key drivers of the ethanol MFSP. In particular, reducing the solvent to 
biomass ratio could significantly reduce the ethanol MFSP. These findings could help guide 
future research in solvent liquefaction for biofuel applications. 
 Life cycle analysis assessed the major GHG emission contributors of the ethanol 
produced from solvent liquefaction and fermentation are natural gas and solvents. Sensitivity 
analysis indicates that solvent to biomass mass ratio is the most sensitive parameter to the total 
GHG emissions. Potential improvements to reduce the GHG emissions could be achieved by 
process optimization and adoption of renewable solvents. 
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 CHAPTER 5 REGIONAL TECHNO-ECONOMIC AND LIFE CYCLE ANALYSIS OF THE 
PYROLYSIS-BIOENERGY-BIOCHAR PLATFORM FOR CARBON NEGATIVE ENERGY  
(A paper in preparation for submission to Bioresource Technology. 
This is a collaboration work with Dr. Hamze Dokoohaki and Dr. Fernando E. Miguez from the 
Agronomy Department at Iowa State University and Dr. Jerome Dumortier from the School of 
Public and Environmental Affair at the Indiana University-Purdue University Indianapolis 
Wenqin Li, Jerome Dumortier, Hamze Dokoohaki, Fernando E. Miguez, Robert C. Brown, 
David Laird, Mark Mba Wright) 
 
Abstract 
This study investigated the sensitivity of a 2000 metric ton per day integrated pyrolysis-
bioenergy-biochar platform to biorefinery location. The regional techno-economic and life cycle 
analysis is evaluated on three counties in different states including Hamilton (IA), Glenn (CA) 
and Jackson (FL). Representative crops were chosen for each county: Hamilton (Corn), Glenn 
(Rice) and Jackson (Peanuts). We evaluated the biochar selling price considering crop yield 
increases after biochar application over 20 years. The crop yield increases responses to biochar 
application in Hamilton (IA), Glenn (CA) and Jackson (FL) are evaluated as 2.9%, 0.6% and 
10% respectively. The biochar prices are calculated as $83, $37, $476 with a low commodity 
price and $240, $62, $890 with a high commodity price for IA, CA, and FL. Jackson (FL) has 
the most economically beneficial scenario of $2.41/gal of biofuel produced while Hamilton (IA) 
has the highest average minimum fuel selling price (MFSP) of $4.07/gal. The environmental 
analysis shows a high potential of carbon negative energy production for this platform with GHG 
emission reductions of over 60% for wood, grass and straw biomass. 
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Introduction 
Federal policy has played a crucial role in the development of bio-renewable energy in 
United States. The Renewable Fuel Standard (RFS) originated with the Energy Policy Act of 
2005, and it mandated at least 4 billion gallons of biofuel to be used in 2006 and 7.5 billion in 
2012.1 Biofuel mandate volumes got expanded to 9 billion gallons in 2008, and 36 billion in 
2022 (RFS2).1 Four renewable fuel categories including biomass-based diesel, cellulosic biofuel, 
advanced biofuel, and total renewable fuel are regulated within certain volume targets.2 Blenders 
are mandated to produce cellulosic biofuel from cellulose, hemicellulose or lignin meeting 60% 
greenhouse gas emissions (GHG) reductions with volumes of 16 billion gallons by 2022.1  
Fast pyrolysis is a promising cellulosic biofuel production technology since it can 
thermochemically decompose lignocellulosic biomass into gas, solid and liquid products. Fast 
pyrolysis employs a high heating rate, moderate temperature (around 500 C) and short resident 
time of a few seconds.3 The solid pyrolysis product biochar mainly consists of aromatic carbon 
and could be biologically recalcitrant in the soil for many years.4,5 Biochar sequestration has two 
major advantages: it could mitigate global warming by removing the carbon from the air to the 
soil;6 moreover, biochar is also a potential soil amendment since it could extend soil nutrient 
retention after crop harvest.5  
The economic and environmental performance of the pyrolysis-bioenergy-biochar 
platform are very sensitive to the biorefinery location. Feedstock type, availability and cost, 
capital and operating costs, tax rates, soil types and qualities, biochar types and markets, crop 
categories and commodity prices, biomass and biofuel logistics vary significantly by region. 
Brown et al. 2013 has compared the differences in the economic feasibility of fast pyrolysis and 
hydroprocessing in 30 different states.7 They quantified the internal rate of return (IRR) and net 
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present value (NPV) variances and found values ranging from 7.4% and -$79.5 million in Illinois 
(IL) to 17.2% and $165.5 million in Georgia.7 Very few subsequent studies have further 
investigated the economic performance of pyrolysis bioenergy production technology 
considering the regional effects. The motivation of this study is to assess recent developments in 
the pyrolysis-bioenergy-biochar platform aiming at producing carbon negative energy, and to 
better understand the spatial variations of economic and environmental impacts of biochar 
sequestration. This assessment is necessary to comprehensively assess the carbon-negative 
energy production potential of the pyrolysis-bioenergy-biochar platform. 
 Biochar market value varies based on its end use and the methodology to quantify the 
impacts of applying it to different soils. Brown et al. 2010 estimated biochar values of $20 to $60 
per metric ton from 2015 to 2030 when comparing the profitability of biochar production from 
slow and fast pyrolysis.8 Granatstein et al. 2009 reported a biochar value of $114/metric ton 
based on energy content only and a break-even selling price of biochar from a fast pyrolysis 
facility of $87/metric ton.9 Galinato et al. 2011 has evaluated the economic value of biochar 
sequestration on wheat cropland in Washington State (WA) counties considering the carbon 
emission reduction and soil amendment properties.10 They suggested biochar market prices of 
$12.14 and $100.73/MT when the carbon offset price is $1/MT and $31/MT CO2, respectively. 
These prices could make the farmers profit after applying biochar in their cropland.10 These 
studies mentioned above focused on investigating the biochar as an individual product. However, 
understanding the biofuel competitiveness within regional-sensitive biochar markets is important 
to further evaluate the economic and environmental performance of the pyrolysis-bioenergy-
biochar platform. 
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The goal of this study is to investigate the regional economic and environmental 
performance of the pyrolysis-bioenergy-biochar platform considering the biochar sequestration 
impacts on the different soils. Three representative counties with different soil types including 
Hamilton (IA), Glenn (CA) and Jackson (FL) were chosen. The region-sensitive economic model 
includes the consideration of the capital cost, feedstock types and costs, soil types and qualities, 
biochar types and prices, crop categories and commodity prices.  
Methodology 
Process Modeling 
A 2000 metric ton per day (MT/d) biomass fast pyrolysis to gasoline and diesel fuel 
production facility is modeled in Aspen Plus TM. Figure 1 briefly describes the biofuel production 
process starting from biomass. Biomass is first chopped to a particle size less than 3mm and 
dried to a moisture content of less than 10 wt. %. The pretreated biomass was sent to a fluidized 
bed pyrolysis reactor operated at 500 C and 1 atm, and it decomposes into non-condensable 
gases (NCG), solid biochar and liquid bio-oil. The heat required for the pyrolysis reactor is 
provided by NCG and natural gas combustion. A series of cyclones are used to separate the solid 
char out first. The biochar is sequestrated in agricultural lands to improve soil fertility and 
increase crop yields. Bio-oil from fast pyrolysis is difficult to be efficiently recovered due to its 
complex composition.11 Iowa State University has developed a novel five-stage fractionating 
bio-oil recovery system aiming at recovering bio-oil into five stages fractions with distinctive 
characteristics and overcoming the fouling problems with conventional condenser.12 Through a 
series of condensers with different operating conditions and several electrostatic precipitators, 
bio-oil is recovered into oligomer-rich heavy ends, middle fractions of monomeric phenols & a 
furans and light oxygenates-rich aqueous phase.12 Heavy and middle bio-oil fractions were 
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further sent to a two-step hydroprocessing system to stabilize bio-oil via breaking them into 
shorter chains and extracting the oxygen out. The stable oil was ultimately upgraded and 
distillated to gasoline and diesel range fuels. The bio-oil aqueous phase mainly consists of water 
and light oxygenated compounds including acids, ketones and furans. A steam reforming process 
composed of steam-reforming and water-gas shift reactors is designed to produce hydrogen from 
reactions of water, light oxygenates, and merchant natural gas. 
 
Figure 1. Process flow diagram of biomass fast pyrolysis to gasoline and diesel  
Techno-economic Analysis 
A region-sensitive economic model to quantify biochar market value based on the crop 
yield response to biochar application is developed to evaluate the spatial economic performance 
of the pyrolysis-bioenergy-biochar platform. Hamilton (IA), Glenn (CA) and Jackson (FL) were 
chosen to compare the economic performance of the platform. Corn, rice and peanuts were 
chosen as the representative crops for these three counties respectively, based on their 
availability at these geographic locations. Biochar was generated from pyrolyzing the most 
abundant biomass in that state. Biochar from fast pyrolysis of corn stover and woody biomass 
were chosen as the biochar types for Iowa and California. For Florida, we chose biochar from 
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slow pyrolysis of switchgrass. Properties of slow pyrolysis biochar differ from those of biochar 
obtained via fast pyrolysis , but further research is still needed to understand their impacts.13 
The biochar market value is predicted based on the crop yield responses to biochar 
application. The crop yield response to biochar application occurs due to a complex interaction 
between soil properties, biochar characteristics, and soil/crop/biochar/climate/management 
interactions.13 Dokoohaki et al. 2018 has developed an extensive informatics platform for data 
analysis and large-scale spatial modeling to predict the crop yield responses to biochar 
application.14 They used probabilistic graphical models to evaluate crop yield changes to biochar 
application in different soils at a large spatial scale and to adjust for incomplete datasets and 
problems arising from high uncertainty. Representative properties of soil such as soil organic 
carbon, sand, silt, clay content, CEC and soil pH, as well as biochar properties such as carbon, 
nitrogen, ash, pH, C:N ratio, pyrolysis temperature and feedstock type were incorporated to 
predict the crop yield responses to biochar application in different regions.14 We used this 
Bayesian Network model to predict crop yield changes to different biochar application in these 
three counties. 
To calculate the farmers’ willingness-to-pay per metric ton of biochar, we compare the 
net present value (NPV) of the crop revenue over 20 years with and without biochar application. 
In a first step, we obtained historical crop yields for the counties included in this analysis over 
the last 20 years from the U.S. Department of Agriculture (USDA) National Statistics Service 
(NASS).16 We fitted a linear time trend model to the data and projected the county yields over 
the 2016-2035 period. This implicitly assumes that farmer expects the yields to continue to grow 
at the same rate (in metric tons per year) then over the past 20 years.17 We created a second yield 
projection based on the expected yield improvement over the projection period from the 
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Bayesian Network model. This percentage is assumed to be constant over the 20 years. In a 
second step, we calculated the lowest and highest real commodity prices (in 2017 Dollars) 
between 1996 and 2017 based on data from USDA NASS. We multiply the minimum and 
maximum commodity prices by the two yield projections to obtain for series of per hectare 
revenue streams that differ along two dimensions: biochar application and commodity price 
levels. Those minimum and maximum commodity prices are creating an upper and lower bound 
of expected revenue. Assuming a discount rate of 5%, we calculate the NPV of each of those 
four-revenue series. Because biochar is only applied in the first year, the farmer needs to know 
whether the difference between the NPV of the revenue with and without biochar application 
(assuming commodity prices at one of the two levels) outweighs the cost of biochar. We 
assumed an application rate of 5 metric tons per ha. For example, if the NPV over 20 years with 
and without biochar application is $6000 and $5000, respectively, then the maximum 
willingness-to-pay per ton of biochar is $200 ($1000 divided by 5 metric tons). If biochar is 
available at a price below $200, the farmer will purchase and apply biochar.  
 The economic performance of the pyrolysis-bioenergy-biochar platform was evaluated 
from capital and operating costs, and the minimum fuel selling price (MFSP). The capital cost of 
this platform refers to the investment to purchase and install all the equipment for the biomass-
to-biofuel process. The basis for most of the equipment costs was Aspen Plus Economic 
Analyzer (APEA).16 Costs for custom equipment such as pyrolysis reactor costs were calculated 
by applying scaling ratios based on other literature data.17–20 The installed equipment costs were 
generated by multiplying equipment purchase costs with the installation factors provided by 
Peters and Timmerhaus.21 The operating costs consist of variable and fixed operating costs. 
Variable operating costs are incurred during operation, and they are the total of raw material 
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costs, waste disposal costs and credits from byproducts. Fixed operating costs referring to 
employee salaries, overheads, insurances, taxes and other maintenance costs.22 The MFSP is the 
break-even selling price of the main product using the discounted cash flow rate of return 
(DFROR) method. The rate of return is assumed as 10% within a 20 years plant life span. All the 
costs are presented on a 2011-year dollar basis.  
 Table 1 summarized the regional factors used in this techno-economic analysis. 
Feedstock costs came from National Research Council (NRC) report in 2011, where they used 
the Biofuel Breakeven model (BioBreak) to investigate the minimum willingness-to-pay 
delivered price per dry ton of various lignocellulosic biomass in different regions. Capital costs 
for a biorefinery varies for different locations. The Department of Defense’s (DOD) area cost 
factors were employed to count the capital cost sensitivity to the facility location states.23 This 
DOD index covers all U.S. states for both urban and rural areas, with the consideration of the 
difference in labor jobs, construction materials, equipment types and local climate conditions.7 
The state corporate tax rates difference among states are not discussed in this study since Brown 
et al. 2013 has claimed a low sensitivity of biorefinery net present value to state income tax rate.7  
Table 1. Regional factors for three different counties 
County Crop Pyrolysis  
Feedstock 
Feedstock Price 
($/ dry MT)7,24  
Local Capital 
Cost Factor7,24 
Hamilton (IA) Corn Corn Stover 101 1.11 
Glenn (CA) Rice Wood 86 1.36 
Jackson (FL) Peanut Switchgrass 110 0.96 
 
Pyrolysis product yields varies by feedstock, and this will further affect the process 
economic performance. Therefore, a wide range of feedstocks from Phyllis 2 database created by 
the Energy Research Center of Netherland (ECN) were used to account for the product yield 
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variances in order to comprehensively investigate the economic performance of the pyrolysis-
bioenergy-biochar platform.25 The ultimate analysis data (on a dry biomass basis) of three types, 
304 cases of different biomass including wood, grass and straw were collected. The H/C and O/C 
ratio of these feedstock range from 0.09-0.16 and 0.88-1.11 respectively.25 We incorporated our 
process model with regression models generated by Li et al. 2017 to quantify the relations 
between the biomass properties and pyrolysis products,26 and further evaluate the economic 
performance of the pyrolysis-bioenergy-biochar platform within a wide range of biomass. The 
representative biomass properties are chosen as O/C and ash content. The biomass properties are 
only considered to affect the pyrolysis product yields. The biochar properties are assumed to be 
the same for pyrolysis of each category of feedstock. Table 2 shows the biochar properties from 
pyrolysis of pitch pine, switchgrass and corn stover to represent the biochar from pyrolysis of 
wood, grass and straw. 
 
Figure 2. Feedstock types from Phyllis2 ECN database25 
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Table 2. Chemical properties of biochar and pyrolysis conditions 
State Feedstock Pyrolysis Pyrolysis 
Temp (°C) 
pH C 
(%) 
N 
(%) 
Ash 
(%) 
C: N 
(molar) 
CA Wood27 Fast 500 9.5 90.5 0.3 7.7 352 
IA Corn Stover14 Fast 500 8.4 52.4 0.5 37.0 134 
FL Switchgrass14 Slow 500 9.9 71.0 0.9 15.2 94 
 
Life Cycle Analysis 
The goal of life cycle analysis (LCA) is to quantify the environmental emissions for each 
process stage in a product life from “cradle to grave” including all the material and energy 
consumption from manufacturing, product use, waste disposal and so on.28 The well-to-wheel 
analysis is modeled in four steps including goal and scope definition, inventory analysis, impact 
assessment and interpretation.29 Software such GREET and SimaPro are two of the most 
commonly used software to conduct the life cycle analysis.30,31 To evaluate the environmental 
performance of the pyrolysis-bioenergy-biochar platform, we modeled the biomass-to-biofuel 
process via four individual steps: feedstock production, pyrolysis & stabilization & upgrading, 
H2 production and fuel transportation.32 We used GREET to evaluate the greenhouse gas (GHG) 
emissions of the platform with the functional unit defined as 1 MJ of biofuel produced.  
The primary GHG emission resources for this platform are feedstock, natural gas for heat 
and H2, utilities, petroleum fuel for feedstock and product transportation, biofuel combustion and 
credits from biochar sequestration, based on the system boundary. GHG emissions related to 
biomass production vary on crop management and cultivation methods. The emissions for forest 
residue, switchgrass and corn stover are gathered from GREET 2015 and used as representative 
feedstock emissions for wood, grass and straw respectively. The emissions related to forest 
residue production (45 g CO2e/kg) mainly came from energy consumption for forest 
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maintenance, harvesting, collection and transportation. No fertilizer or agrochemical inputs were 
included for forest residue removal. The emissions for forest residue is mass allocated from the 
total production emission of forest products.33 Several studies have investigated corn stover 
production emissions. One common method is using energy or mass allocation of the total 
emissions of corn production.34 Argonne National Laboratory evaluates the corn stover 
emissions from three parts: energy consumed during corn stover harvest, transportation and 
fertilizer replacement to make up the nutrients loss during corn stover removal. The emissions 
for corn stover is estimated as 85 g CO2e/kg with a corn stover production assumption of 2.1 dry 
tons per acre.33 Switchgrass production emission is estimated as 140 g CO2e/kg for once-per-year 
harvest with consideration of fertilizer, herbicide and no irrigation.35 The emissions related to 
petroleum energy and pyrolysis product transportation come from GREET.31  
Biochar coproduct treatment methods can significantly affect the well-to-wheel results 
for biofuel produced from this platform. Biochar sequestration could not only capture and restore 
carbon in soils, but also increase the soil quality, such as enhancing the plant nutrients & water, 
decreasing nitrous oxide loss.36 Several studies have also shown a positive crop yields response 
to biochar application. Kauffman et al. 2014 has suggested indirect land use change credits of up 
to 14.79 t CO2e per hectare annually with 8% crop yield increase in U.S. Midwest over 30 years’ 
time span.37 In this study, we only focused on the carbon sequestration impacts and chose the 
displacement method to quantify the GHG credits for biochar sequestration. To evaluate the 
GHG emission credits from biochar, Han et al.2013 has assumed that 20% of biochar carbon is 
emitted to the atmosphere over 100 years, while the biochar carbon is defaulted as 51.2%.38 
However, biochar carbon content is highly dependent on biomass type and pyrolysis 
conditions.38 Instead of assuming a fixed biochar carbon content, we employed biochar from 
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pyrolysis of pitch pine, switchgrass and corn stover as the representative biochar properties for 
wood, grass and straw type of feedstock. The biochar properties are shown in Table 2. We 
calculated the total GHG emissions for 304 cases of biomass (3 types) with the consideration of 
product yields from Aspen Plus, feedstock and biochar emission credits variances. The emissions 
from biofuel combustion are assumed to be absorbed as the biogenic CO2 via biomass 
photosynthesis. 
Results 
Techno-economic Analysis 
Table 3 summarized the crop yields and biochar willingness-to-pay results for three 
counties. The crop yields responded to biochar application in Hamilton (IA), Glenn (CA) and 
Jackson (FL) are 2.9%, 0.6% and 10%. With low and high crop commodity price, the minimum 
willingness-to-pay biochar price for these three counties are calculated as $83, $37, $476 and 
$240, $62, $890 respectively. All these three case studies showed a positive response to biochar 
application. According to Dokoohaki et al. 2018, soils of high quality have a lower probability to 
generate a crop yield increase, and high biochar carbon and low C:N ratio are correlated with a 
high probability to increase crop yields.14 That explains why our crop yields increase in 
Hamilton (IA) and Jackson (FL). We are expecting a higher crop yields increase in Glenn (CA) 
due to a higher biochar carbon content, however, the crop yields are pretty low which might be 
due to the trade-off function between a high biochar carbon content and a high C:N ratio. The 
biochar prices are consistent with the crop yield increases even though there are variances among 
different crop commodities prices. A higher crop yield increase corresponded to a higher 
willingness-to-pay biochar price.  
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Table 3. Results for crop yields and biochar willingness-to-pay prices for three different counties 
County State Crop Yield  Biochar Price (Low) Biochar Price (High) 
Hamilton IA 2.9%  $                        83   $                      240  
Glenn CA 0.6%  $                        37   $                        62  
Jackson FL 10.0%  $                      476             $                     890           
We have calculated the minimum fuel selling price (MFSP) incorporating with the 
willingness-to-pay biochar prices for these 304 different biomass including three types feedstock 
of wood, grass and straw, as shown in Figure 3. The mean MFSP in Jackson (FL) is the lowest 
while Hamilton (IA) has the highest mean MFSP. These represent the integrated interaction 
among product yields, feedstock price and the biochar value. A higher biochar selling price leads 
to a more competitive lower minimum fuel selling price for all three states. The difference 
between a high and low biochar price could result in up to $0.83/gal (FL case) fuel price 
variance. Hamilton (IA) covered a wider range of MFSPs compared to the other two counties, 
and this is mainly due to a wider range of straw feedstock properties. 
Figure 4 presents the average MFSPs distribution for all these three counties with two 
biochar prices. Jackson (FL) has the lowest while Hamilton (IA) has the highest average MFSP. 
Average biofuel yields for Hamilton (IA), Glenn (CA) and Jackson (FL) are 55, 57 and 50 
million gallons per year respectively, while biochar yields are 0.11, 0.09 and 0.1 million tons 
annually. Feedstock costs play a significant role on the total MFSP for all six cases, with a 
percent range of 28% (CA Low Case) to 63% (FL High Case). The capital cost differences 
among these three regions are negligible compared to other region-sensitive factors.  
The impacts of biomass properties on the MFSP are shown in Figure 5. The MFSPs for 
wood, grass and straw biomass range from $2.4 to $5.1 per gallon of biofuel. There is a negative 
correlation of O/C and a positive correlation of ash content on the MFSP for woody biomass. 
The trend of the impacts of biomass properties on the economic performance is less obvious for 
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grass and straw due to a small and widespread biomass sample. Biomass properties impacts on 
the process economics for these three types of feedstock are consistent with the impacts on the 
pyrolysis product yields, as predicted by Li et al. 2017.26  
 
Figure 3. Mean minimum fuel-selling price (MFSP) with standard errors for two different 
biochar price scenarios in Hamilton (IA), Glenn (CA) and Jackson (FL) 
 
Figure 4. Average minimum fuel selling price distribution for three states with low and high 
biochar price 
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Figure 5. The impact of biomass properties (O/C and ash) on minimum fuel selling price with 
low biochar price 
Life Cycle Analysis 
Figure 6 presents how biomass O/C ratio and ash content affect the total GHG emissions 
for biofuel production from these three types of feedstock. The GHG emissions has a high 
possibility to increase with a rising O/C ratio for wood and decrease with an increasing ash 
content of biomass for wood, grass and straw. The ash content impacts on GHG emissions are 
consistent with the biochar yields. Higher ash content leads to a higher biochar yields, which 
means a larger GHG emission reduction. The impacts of O/C of biomass on the GHG emissions 
for grass and straw are relatively scattered due to the coherent impacts of a wide range of 
biomass ash content. One of the major findings from the GHG emissions in this study is over 
90% of the 304 cases of feedstock could have the potential to produce carbon negative energy, 
compared to Li et al. 2017 of less than 1% of the 346 cases.26 This is due to changes in the 
biorefinery configuration and system management. The majority of negative GHG scenarios 
result from consideration of biochar carbon content variances.  
We randomly chose one feedstock from each type of biomass and investigated the GHG 
emissions distributions. As shown in Figure 7, GHG emissions for all three biomass have the 
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potential to achieve a GHG emission reduction up to 60%, which would meet the RFSs target for 
cellulosic biofuels. GHG emission credits from biochar application play a significant role in the 
total GHG emissions. The biochar yields and biochar carbon content interact together to 
determine the biochar GHG emission reduction potentials. Feedstock-related GHG emissions 
vary by feedstock types, it could take up to 50% of the total emissions without considering 
biochar emission credits. The consumed energy related emissions are also different due to 
biofuel production variances among different feedstock.  
 
 
Figure 6. The impact of biomass properties (O/C and ash) on GHG emissions 
 
Figure 7. GHG emission distribution for three types of feedstock (The representative feedstock 
of each category is randomly chosen by Mathematica) 
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Conclusion 
This study evaluates the techno-economic and environmental impacts of the pyrolysis-
bioenergy-biochar platform, considering the regional sensitivity. It advances the previous study 
by Li et al. 201726 with a regional-sensitive capital costs estimation, a willingness-to-pay biochar 
price model based on crop yields responses. and an updated biochar GHG emission credits 
estimation covering the feedstock variances. This study further reveals the potential to produce 
carbon-negative energy via this pyrolysis-bioenergy-biochar platform. A more rigorous life cycle 
and economic model to quantify the correlation between biomass properties and biochar 
properties, to incorporate other biochar impacts on soils, and to convert the environmental 
benefits into economic values could help more comprehensively understand the economic and 
environmental performance of this pyrolysis-bioenergy-biochar platform.  
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK 
 
Conclusions 
This work explored fast pyrolysis and stabilization technology, and the pyrolysis-
bioenergy-biochar platform and solvent liquefaction for ethanol production from an economic 
and environmental perspective. It discussed the topics from five chapters including two 
published papers, one submitted paper and one paper in preparation.  
Chapter 1 reviewed previous studies of thermochemical conversion of biomass focusing 
on fast pyrolysis technology, including diverse topics such as supply chain analysis, pyrolysis 
technology & reactors, biochar, bio-oil upgrading, biofuel generation, and TEA and LCA 
methodologies. It gave a comprehensive review about the current state of fast pyrolysis 
technology and the future opportunities to improve fuel yields and quality. The combination of 
TEA and LCA methodologies investigate and quantify the economic and environmental benefits 
of fast pyrolysis technology and help move the process towards commercialization. 
The economic results in Chapter 2 showed that fast pyrolysis of biomass into biofuels 
could be a promising biofuel production pathway. It suggested that producing byproducts (such 
as mixed alcohols) rather than only biofuels could be more economically beneficial due to the 
high market value of bio-chemicals. Integrating with existing refineries will significantly reduce 
the capital costs and make biofuel more competitive with the petroleum products. Sensitivity 
analysis indicated that feedstock cost and fixed capital cost were the major contributors to the 
final fuel price.  LCA results demonstrated that biofuel from fast pyrolysis and bio-oil 
stabilization process could meet the RFS2 GHG emission reduction requirements for advanced 
biofuels.  
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Chapter 3 proposed a pyrolysis-bioenergy-biochar platform for building a local carbon 
negative bioeconomy. Within the fast pyrolysis facility, we could produce biofuel for energy and 
use biochar for agriculture soil amendment. We built regression functions from experimental 
data to predict the correlation between feedstock properties and products yields over hundreds of 
cases of different feedstock. It turned out that feedstock properties including O/C ratio and ash 
content could significantly affect biofuel yields, economics and environmental benefits. There 
was also a tradeoff between the economic and environmental performance. We concluded that 
the pyrolysis-bioenergy-biochar platform is very promising approach to produce carbon-negative 
energy with appropriate control of feedstock production related emissions, natural gas 
consumption and biochar yields. 
Chapter 4 compared the economic performances for ethanol production from solvent 
liquefaction and fermentation of lignocellulosic biomass using four different polar aprotic 
solvents including of tetrahydrofuran (THF), 1,4-dioxane, acetone, and gamma-valerolactone 
(GVL). It indicated that using THF solvent case is the best performed case among all the 
investigated solvent cases from an economic perspective. The MFSP using THF as the solvent 
could be reduced and comparable to enzymatic hydrolysis ethanol MFSP if we adjust our solvent 
to biomass ratio the same as a larger scale study. The uncertainty analysis combining best-fit 
distribution and Monte Carlo Simulation suggests that solvent to biomass mass ratio, glucose 
yields, and feedstock costs have the most significant impacts on the MFSPs. The uncertainty 
analysis results give directions to future work to further lower the cost and make the product 
more economically competitive with other fuels. 
Chapter 5 advanced the techno-economic and life cycle analysis of the pyrolysis-
bioenergy-biochar platform from chapter 3 with considerations for regional sensitivity. The 
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region sensitive factors studied are capital costs, feedstock type and prices, biochar types and 
market value, soil types and quality, crop types and commodity prices. The regional economic 
and environmental analysis of this platform was conducted for Hamilton (IA), Glenn (CA) and 
Jackson (FL) using corn, rice and peanuts as crops, respectively. The biochar market value was 
evaluated based on the crop yield increase in these three counties and was incorporated in the 
MFSP calculation for the platform. Jackson (FL) achieves the most economical beneficial 
scenario while Hamilton (IA) has the highest average minimum fuel selling price. The 
environmental analysis of this study included biochar carbon content variances among different 
feedstock. Biofuel produced from fast pyrolysis of for wood, grass and straw in this pyrolysis-
bioenergy-biochar platform could be categorized as cellulosic biofuel based on the GHG 
emission results. 
Future Work 
Future work for this dissertation still involves three parts: process modeling, techno-
economic and life cycle analysis. First, our process model to produce biofuels from biomass is 
based on conventional fast pyrolysis with a large-scale of 2000 MT feedstock per day. However, 
more advanced pyrolysis technology such as auto-thermal pyrolysis, could potentially overcome 
heat transfer limitations via generating heat inside of the reactor, which will also simplify the 
reactor scale-up problems. Moreover, a smaller scale facility could be more practical considering 
the biomass availability and other economic concerns. Therefore, it is important to conduct a 
techno-economic study based on the promising auto-thermal pyrolysis technology under a 
smaller commercialization scale. Secondly, in terms of more comprehensively evaluating the 
environmental performance of the pyrolysis-bioenergy-biochar platform, we need a more 
rigorous life cycle model including the biochar properties responses to different biomass 
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properties, as well as further quantifying other potential soil impacts. Finally, techno-economic 
and life cycle analysis of different bioenergy production process serves an important role for 
policy regulators and investors. Methodologies and researches to convert environmental impacts 
to economic values, building the bridge between these two analysis and current policies are 
essential for the development of novel bioenergy technology. 
 
